


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1986 


Reactions of atomic carbon with water 


Flanagan, Glenn. 


http://ndl.handle.net/10945/22062 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
. (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist L Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


nN i KNOX appointed — and published -- scholarly author. 
| inp 
, LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 





i ail 7 bara Ca el, Le et ae eee ee hae 
ot ae =F i? PrP @y qe voor 1 Tt ae a A Os a Ye rarer > 
J ta 2 A . 4 n ry ee fee Cr ary ued bee ie en Ya a) COAL IIC Ie Secrets JK jer yaar 
|, Yon, Way Wee ‘4 4 % 

ae a 








ry oe con 
aan ht ke ee ae a ee | we 
é YS SEO EWR nN A AO Loa Wait Cer At tke a La 
a ee ee a A SA wean a re] a Rigg eS et We ay Len CAI Te nye ties Aa Ag OOO Se [ 
x a rw eee BV We lew dubs ‘ei A a Bs a <r x A AWA AN done Gaon CoS re san wre Ste belies A an 
Peat Bite Jan Cee PO One ey Hay ma AA pein Aah RE ULICT ey tne brent OUT CT 
. L a ee A 1 a hea te ry So) oy we at HA p He yan ‘is rn vie Lo ee a EL Ma ae na ROC LEY CS Bete ti : NewS or eo 
Cia eo La i au pairs) olan Wee eS he oe Aaa ea eT rus ED RT Eat teh, UP teme ehh RCN Cen art Csr With Oy Arete oot era re eI 
=n La ee De Bec ar oer Sey ot rm Ba co ee | Pe Pe CR are Cr ere ae Pa A Ar Saw Vee horn » AT rear ict De ek a He AW OR teh ey Sr Ah poll hy tees, A Ast 
cae Ya oe Re oat ware Pick a 8 wy OC en Pra aul AO a eae LO ces Weer ee er) DOT rae RERUN OL on “up aie ween iP a eine hee Thee d 
mya ii eet A tear TO oi ae a Bee Su Lie pete Le sara een i Ce eer eee eee rhea | COOL ar tha Warp NALA SONS CTE a ble at CURR Cee aries ba 5 Ol hao 
ren ; a ae nt eat, one ed ANY ee ry aN ax Ce Be 0 Ree Fag ee re ay gree cc pg wa nN a eae ‘J en ae Eee hart ee tere Wr iW Sita roe 
A a a ee Lay oP ie 4 an ey ” aD CF ee ee De Tai a ee ows 4 Ayre ligh LoLL eae S(O be Ns yee dee % be tin ete] 
* x ae i ae Pepa a Te ee | AR ry Pema ae Mi Yar CR ETN Ps f P 
A CRRERICR ek MORALE AC ee RON ish Se ae WYN 4. teh aE TN While eA wn AS 
yl ' ' ; ire Ion, Bal ome ies. br eas fal ey aS Co ‘ 4 5 ee a OR ae ee. a ey Cn) EE CK 
Sek re oe o a NOR ORtU ei ark rare UALS ‘hie 


Ltt 
% ine Perk ihe | ete Ta et erereie 
phi eho tet oa We ve Ok ah ac A Rag eel 
*; % BOUL Ae MAT N A LES CSO ory aire ah a ee 
et) Onak ee a 8 ST Pa NE Neh pa AS eh a aE Ae) Poth RO ris Pi adil CLO et rere 4 
Oe Fern ia I re Aaity We Lot a ie DVD ay as, Sate Te SC Dh dst evi’ Vea ah Ue Ee Pan) Cavan 
Cu Oh Sere ri Or ree a 9 Fe A a See eC SS tle hoa tte Me OP Rise er ey A aa Lani tetra VOUT Year 
; ei: K ade a Tape Se Ye | a ee a ae PEERS AOE CT RRC tet tis elit iA Cars ear rere Bh i eee S tor OP AG yes 
p Sc aera 1b Riad ia Sek TVA oh Oe Oe a ee Oe br A Rare en AL| DAUR Coa ok SEO ab Re tiated AR a Tote Sine 
a Yee Ys Ai i) ‘ D aye rr an a, “eee mw ee bY Ye We 3 OS i er rae Pre ee ee eee ee a PY SEV eh LA Ry Pace ee Wh ee PS ok ars “e 8 Fe AN kB AI Roy al Ate eye 
oa eee ft, Se hy ry rh APRN Ie 1 EDs Pe n a Aan Ca cy Oe ere en DR SRC SOLE SRE Se AN ia kaw tr 4 at OOOO UN etry. a res Loa ee rae 
ins Nive am Aaa IG tiie rea yar Pe SL ee | TN pip ea ae ee ie ae rar 4 Anat lena > sheriter ihe hah, ryt ar af eee eT ee ek eo on 
- er a ee Bt Ce be A eek ek OTT iin in iy Pea, oe is re PO ROR tee \ rhc 
= Saye = ni Ta oes pi ’ 7 Ree Oe ROL Siena 2 YC Be Be RP | SOAR a 
na i ae rae Y 4 fyi » ‘ i a f 



















La 
Pr 
a 
a 
Ps 











pa iia aa at fn aM il 






= 
PY 
« 
- 
- 
a 
. 
_ 
a 
: 
- 
a 
ry 
” 
0 
a 
e 
5 
. 
- 
Py 
a 
Py 
- 





Diath Mae! 
= 
. 
7 
- 
. 
aa 
- 
ey 
. 
a 
a 
aa 






. 
a 
a 
« 












Aa oe 2 o 
fe fe a. POCey ide SOS DRL aS te A 
Tie eka ey! Le ee i cy Ba AC ae bad wG Wn WL PL PEE era Mc Shh yaa hd 
ICRC eS ame ee jaeeea Teta n | Paes Tair ei Cy eA) fey \ COURS hai ra ring VO eC Pe en Fale y Pe ahh ine Baan oe Pate Ln Ya Nk cha ath eh 
4 UR ecerner er " Chee a erie Gee ae os Aauet i as we aay hy Se Pe rire) ee A Oe OR rae SOC ys inledy asa ta La, Sy uty tn Te a ee 
rig F - paw 4 ry . i, a an it Pa aT} ria ee ei Re lee SOC ear et Cees a ie ee ey UR NO cy ahr 
5 5 Se een ic LL hi Sk oe 


Tore ee ‘ Seige ie BAR ae TER RAITT KS Ltt ted at oc 
s hae a rat aac , SE TO VINA Seen n le vA AT Oey POROUS iri tae Sums) a 

Py ‘es .f Oy y ean! ' ‘ a ~ . 

7 , Meee te ; o a ren ka er aks y Sit Tm st Je Ya Fyer ‘ 


es ee A dae tad 
TASCA HSIEH tL NCTA ary i Pn Le ee 
fr veel Metre nya as pas PON LY CCL REINS Pip Pook teed th ROE CLAY aot § ar 
bh 5 FR Ne I MURR ery aC ar AAR ae ctr ee OL GG i RL eh en eee kU Se SS LS ao i oe eee : 
a A ieee DN ea Ja Yer Se er J Sa | La, a, ar al ar Set he ay eR ae 8 VAPD EAT AAT 
ae a ae he Pe eer ee gan 
os 1 an * . a LR Pa Ya HRT ite i 


Ree WAN cS a 
ty Wh bas ig a 9 ib, De hdc oh oe PE Nc tert bled ee eae en 
ee Oe a he a Rand a PW A an Mee de ei A ae a te CONE W rors trae To 
ae meals i , a oe Te eae oh at owe te RNY NOE pita oh Dts home nety ELT COs riers be i Th Metres ae Ta 
eae , io vy . hoe Bd ai ie aa A a ee SC ri Wr Er Fell li Uae Pe ee LAER Nae Thy Reine de Ab be MAN te fet, oa aN r 
' D an a pence, ae Th ee WO Tt Le mare) bn Me Ra as Pes Pa CUE See ee rs ee a RANTS a ~t 4 aa a) L 
. bs Pio aie Pe Hee CC Ye ae Ba ei ee OR CE Sy Yen aa DOCS OCOnL eae EAA deity Sia tate Ne arte Ag Ye ep OF *- 
i bis Sasi TA nh. Var ar a Sr ee | eo eS er Bc biter at eS LL A Nerney ta Sey Toate. ad 
Te Sie Fs bah Jd er Yel Jal Mere Se HS D9 U iS , ge the 2 oh re PL NO OR RCT ar ts Sen A Rear r ae ra at ek! 
A Cin Tar ra) nl . WN ema Le ee eee ie a eer FAB ONAL By yt Pa a ee ee Cae hed er as, 
M4 APSO SAU AURIS 5 at as bee STO SOC. are ia Pree ha ta Roy Reta: ae ee ™ 
H ary ry rome Sart D POR Aa ncceh MOe ic ar  e, O, e T POR ae Ua eS it cet ue iwenene ba “So = ou ot ee Tha Be ob 
eee See eae ee a ed ee Ce ae Bn OC i Ps tunad }- ae my aR SOL SLC 2 yey ap Bid Ut Reade Sees viene nye eer 
* t a a fo a si Sete Tt Le the ee Vo ae oe er ee ers eg ry eS wen ee. ee at ey by RAR CK TEN TC : Alans Wels ae, ee RCS Le as wh 
A aS ‘ up o«cbor go ara ML | ee see ae SHoesn ves as Ger a eye: Rae “oe va Po coe i eae hes eben COLE nto Ba et ei ea 
. A ra ats 5 ean Py Siew n o ee | eyun ra Pt WE eke pee ed ees ee LJ Pk re ne an ey Ce ie eo ace Oe lyase . f a ye ihe +, i 
ae a , t Cet | Fa econ, Sh 2 a, Carer te Meee Lee rar a | He GNI Fg RR TONAL Sir ct As x ‘ Pee pict he os bea ay 
S 4 + 4 ae] Pad A A EO A eee ee an My 
bi Ea Tey eb dnt Fac Goes tema’ \ Ce a a y 
a ; ‘i ae eee oie pee Loe ee at i A ok 
. 





Te Re 







i et A te etl 
% 
a 








— 
- 
Oa 

- 


5 
2 
F 4 
r 
Eg 
A 
Fa 





ad 
. 
* 
ao 
. 
aa 
rs 
a 
a 





a. pris oat Wwe 





© a Newnes ee Ye Ye 
A D +? t ar eS ia rer ey 

Se oa | ee) ae | tN 8 a Ok . 
in S ’ t . a a a | rT re) ce 





bat aca teint ut Th 












hae Ls siete) aia we Sr 
wu he oe Wl at te eee vx St ’ Le es a! . ee Le 
eae Fh a ee 9 Racer Og hy A ary, Sars NC wee rake ecenh fae: 
Fe a ie crt te Ceca AU RO ie var ar OAR ARSC TORN Ch ok eo RSs a ie ie % 
rn) LS ee PAW eA a Sag pth a, g4%e PO PSS LN rni We fst oA es rth wee tally ere 
i ie ee Caries os “5 Cae Yat ee Tae Gk = a, ae ew FARA SURES it Sener Gh Sa CR ar 
A eee . . ORR AY A rer nciirs ndiey Catt +k an CG » a A ed. clr Wh a ort ele rea 
Par ra tet A OG at ar ofe tp Vee oh to gag they Le ae i ar i he a ih ae Ye OS ened train \e +s Ve BS Le q 

F cee, oe Pare Ores ar oa Co User ee) ies Sa i MES oe, ls Stee Ate ate Sta ary ite etre! 44 cr pes, 
cf Rat otan nN eam = OT NOR Ue Ce en a fee 7 * i a i” Se a Sah Se ms Sr git are 
' eas ae Pa hae Lome Yel fan: CC aan cee fe aac a Sea 
r sean Ile ah or a eee 


pase le 
Ee ia ears aoe he Me teed tai aan 
pei DIL TG Sty POET EA bg RRR erento rs ik ON 
j ee ba Fh. NNT? er ot Lo Gr hea Ae aria ek tric tN Peek ta treet Win as 
; ee Tea SIN ee AION HOM Nio a gua (ship yh, SHE bie aM ME A Ta * biotch A he A he Pe rt Pea a barhy Hh | one Ce 
a Fi s ‘ ; ae sam ee So. 1" oe eae Met ar Pr ak Bee ord ie oP eA Na, ae eee URN eles SPADA Eee A ete Appr: La ea A Aare arth Sk os 
Fi ‘i an er Sie re RORDeS Ae ik a) RR tate er "apni seed kB Cl ik ae chek See Dds ® ele ae seks ce oo hs enter wee whe reir. 4 
’ a a Cia ee | Je “8 ra ee er : ri - aoe e Be yt eM Ae WY Oa Sawa RS a Lb Wb a ee ara eon hee | eat pee he Grid 
a ae ‘i , r eareaie 5 pee Pee To Poe NT MWR. Ay Avly Se he et Lo a Tee 
2 rr ane ark, oo a] ake Eat a ee apa ite ed beached She Cie Wee at 
a kb Oe Cae CY i iS A Farid ele us a et henbak eo hee AN Aa ate 
Pee cre an ac ee rt Reheat iy MARE a EN eh hie MND lanes: belts Gn + “n= 
mer ak. Ca ie Pisa ee ena NER COCs re eed yy? CPE ed S 4 
aor ill a phat TaN Sat POR ALAR a ee en ay ee oe oe 
a LS ORS ae 4 ee peed Shy os) 
. . 2c) a id bd 


> 
“LW, Sea 8) 5 reese LL 
Pied terete as x ae FS " oA 
Sana ERO Sra a " art Wi eas iy 





UNE Ane ar CR Pa 
hel a ae eek’ Co Pee ee esa lr aan ny 






aS 
a Die ted ‘hte eC eee a) Co a ee 
oh a“ . etieta ech ANS 























’ 5 
Sor 

, ‘ a , ee . U se 

ry S a ar ' Ch cn m 

‘ o oad Ca e 4 a vue 

a ny ' * ? ‘, a ae 

a) PY Py eet | a a) + 


OS Ya a a 
LU ees eer a Ci > Larter Seer 
Pee . A rn San) i he Aiea ac” a Bere Th 
bs ary ' * i 
Fi . U Li 3 
Fi fa 
9 p 


5 3 er ae Sr] 
ee Cee CORE at tae Can ays ed ae 
F a ry ia a hy i ‘a nl Lats u 
5 
Fi 






























oe i 





<7 ba i! On 
. sat Vath’ Seo Ea Seo ahs cadre as a ee YS: ote Race ek snl 
eee a ae Oe Va 2 a be tay is Ae eA Do Ue Cie eee Tr i are aoe aerate 5 ica 
SY ae wes, Ve yee see bw ae a ee a VaR ae RN At 2, LT A Ik NTA net 
Sarda, ee 2 Te 2 ee oe re rat ak ait re a ae eh er aa 
ad oC Ue eae ea a rat a i 2% S 


, Raat he ory in tet 
rire A A 

=m itn +, Po AN eT ERC E EN nr tt & fF Ai Vis leater 
+ Pay i ee a a ee 


Dy Syke bas [7 Co eee aes 
BCA ee aed Ar ak gore kA eh he at ti Roa oy m 
be a en Ce RL AE Lo tea Se ha tre a Pah Fock i) eke et oer 
* oY RE VANE yin cette i) a) oes ay rate eae piditteti te it 
F SAT Oat Bt Be SIR RRA REC LW, 
A CYS ps hoy At, ele Zp FMS. wes, Oat any 
Be Sear yee weyes net AW ARS OS Lele i oe bie ee CU ae ech 
LP ta pe tan ESOP Fey ts i ne ; Pate! i a ey "yy" %& oe eat Rak as 
‘ : % ; ss ek ch 
ron) SAA etc re We elie pe Nal 
aC KA ee TS Ree PER . AP SLE RA 
an CaP eine ye he as ttt yak ek 
Pa oe he het See baairas ie, oe he Hie dt teh ie 
‘ as ri bad tN Ree Rdg eed Meh See A Seah 
R ‘ } ey es b thd aie Ward A 7 yee « SY “¢ ate he ie pbs abet te bef 
f ae P i 2 S a A . a 7 ‘ 
+ . + 


a F 

7 ak = i 5 
A 

bd 


BS 

” 

& 
oJ 





+ Lt a an 
5 oar’ Fr r Rincs 
Lr | 


*, 
tov 
BN 
a 





, x ae , rh 
oh 7 roe Ye SE 6) a rt | 
ne et igh pe aS ins ty 8 Me ete s aCe c +) 


fi ae Toe smn 4 
Pq Ps ree oh ee Tee 


~- 
. 











Rg Pes ae 
s eka pas , 
Cf A eT Demet aero are ll Ln 
P Aaa Pe Ae ee edhe 2 
tte an 5 Ht t as CA eee 
Coan ee ee PY eee pe r* a a ee reese asa f3 de ue 
a A Hy F a) 
a ae it Jer ie a 
re Came Ld ae ee i Je 2 Ce Le 
H a s Shere emwRe rites 
| arn ois PX A et a | 4 
- : Pre ee Ce dhe Y 
Cia 3 | Aaa ee ke oe ar Una or Meer ie ee Wee ae rid ’ 
oe Cae ee 
> 















ee Lar itear 3 
Ce Ff Nae Ts 
i soe dee Ci er Ly Cees ae a 7H gf the oh ge) 

’ 12 A Ie ot a 9 d VE 


ro 
=e 
ny 








ow 
’ 
an 
. 
~ 


ad LESS Sata ee tpi ia wuld 
Pte ae SERIES PS 


P- 2, 
s RS ae a Sat yd Tee 
ee can re Pda 2 Ohi Sitigty ,F¢ 
or ie Beta at ets a 
fi 


Cae ed re 
as Adi meu ae c EN RAE 
“phe out era ad. 2 


. Ul , F ed 

ee . ee ae Der fis tee roe UL ACN Baer Ya ee Bod a ae b 2 

Fie ae ad Per er aaa Mier ae a Dear J Laan ater Ae rand nd Line. 2 apag re are 4 Prec rto'd 

i me Sean ne CR COL a aera Bry fea es cat Ne Arig Hat SRC? 0S OF aa 5 08 ¥ 

= cae a eyes ee) LI, eae ee ee at ec es far Pour barney eee a gtw Ya 
rae ae te ey et) 7 ee eet Cr Jt ee a Laat ee er “J 


[ee eer a at ae r been a9 oat We eal Mie oo Te As fer) 
r 





a ay Lars 
a ae Pei, Pe, 
el at Ap enagy so, eee ids eh Fe fw ys reat 2 
PS SRE Pee eres ax eee Pasig Veg BY 
ne et ore RAEI GS - et raed eee ene i 
cilia dat ae oe Py a as 6 gh. ayy a aia 
a es 


Fl oka 


ais 
rare. en cei Rai as ee HIT IA nee 
f a A Ye : f s oe ft 4 
F Gn’ LBL Ds eer OBEN} pie eee LE Da ar Lauer Ma! Sie ated Iai pa ar id eae tare Ae Ta, Sp ees (oe 
, io ee oe ee | SP Fa aty, ere pee anh 
ae eco Tate sere Pee ee em is ay a ee 
A . fe [ier ec et a Le a 


ee rec Sat)  £o oe Ed 
Fa ; 3 oe a Pe a ra de et Oe ier ge?, LEI 
j F i A f es ON Oy Oh erie Waser ager rar eae 4S -d Pe se oat de Rey ini lee ie Fone 
+ © ph os Ce Tor eM Om Terr seas wr. ener ee af ety ee peel a eee h cal tote sel CY a On i ak eat ol ae 
Cre hee re | ra aol Rm eg dae 2s MC ere it Eee 7 a ge ssl eat id Dies yr ee Sen OP eC ae ‘ 
f Le ie ta De ae ei a a Yc eae ee ra 












Pa 






Ee rOr a rae “$f ray 
. ¥ ‘ ree . aa © ar ee eee Ey aoe ie ee oe Oe ee SF 
ar . ‘ Pi eC eae ae s oe , ce a] ae od ae] “Fa of UA) A bas ae ha oh ’ Re ctae rer tere gt at ae! ae oe Caspr ee a. 
oa . rea i ara 7 ; ‘ "Oo ra , ate . 't A eo Le ae} ie ar Waray Li ire f a me we be Bhat ape Fay Chee ad « 5 bas tae oes re 
re a ry re i be Pane Ae CAN ao el ae Aa Jet J i a A de ae AS yer oe ‘gPt. fh af 12. Err s Papa ae 
eres mary ners coe Cera Unt el eon Se eee err fo OF Ee aes, ee See ie eae 

. baa A Te ae 


eh fae parry Setar Oe F, ay DET emg f hee ie 
Pi E a C oe UY p 

Py | ee i ry "s.n¢ "feat a ee] Pa Ce ae ee oe Me ie ee) tPeaagey Caer} “Feadu, tHe ts ee ite ais ibe ES See TRIE SD oe ae Linens Bees 3 rhe eee 
7 ee J a Dae J Pa ar Cie TSC eee a tJ or a PONE BOE Ae PAE BG goa, Ee) 8 a Gs Ae LEO ot YM bt aN ra ea Mer ot Lae FPS EI DEL LAL ILE DE PY LURES? ated Sie CA Sea: ee hs 
+e ere aan, a Oe Oe ee ee Fee pe pen igs pay PI SIRT IP ATPL TART TRE OR ie OP ee a a ene Raat mate Peuh xk eee 
ae Carer 4 eee Pigs oe ‘ ee) DEAR ind Pune Mane a ee AS faa dara Ce ry | ee ee a) Fare ae ee ee co grey errr eee Poe Le a Ce Fret re ae or PT hat 
ee parse ites rac PN Sama ASL TCO a vt mee re Ee Cm Le de as | a eee eae ee ie Ad lee Sy a ae Ca Pky i wee dk clad PST eh arated, fpr pee a Ps 

p es Jin a, eee Be ay eae eA raat OY Tm te ey ips ee I ater a nr ge MC, Cea Laser ae Maat ant Je Nea J PAO At 2a PA EE tt oe pra rey ji ee 
Ce ae as Cec Soeany mr Jee Tat fer ery Fis ey ace 1 ee at Oe eo Pe ae 


pad 
+ LB , sree ie SEES 
il LO ee de ee Ge} ¢ PARC ate Se? Ce Sar eee hed has Ped Pali ee 

Prt eee | ae are ee Sn eM 2a? 2 i ee Te re Le rhe i mt ed Shapes Madea ALP ass Vogne ne ee 

a ee ae | er 4 


Le Ga eA a ie ra 
F . ae EAT Ree ar oral Pree 9%, fe 3 Sa Mteet ee Beep 
- L Yetta Dorey Pee Sa sages Uae a ny 7 Led ee a e Oe ee a ae er a ee ow ea ee re rhe a Can Le ee Por CTEH PER OR Sed gid Cae lot De ee Pier 
ero ‘ a) o? I ee a La ee} te ALLA at 1 Tie ike JAC aL serny ie Laks PET ie diel an a a Tome dat i he ioe hee, van er eo 7 
foe ie eae He ate S00 TF J hat a 1 Ae Pay OUR LP Pep Aree Te sae Aree Rae Le a ae ae a 
i} U id an Ce | 4 Pare ae era aes : 
, woe Ciel L 


ne Or oe al ae 
F Fite ee Le SIO MPAL SLT pee TAH aE ee ee is ey 
Pee ad eae ee eee Jee ee (ar tt aries CN ae Pann Pie Ms ad ae aad We td Te ny ear 

pte eee eee Ce ae ee Dee eT a? < 

* rT a oi ae Oy a 























a Ae de ge OT Soe eT cm) oa 
Lk Jon bar a 2 ee ee oe Pitas een 
7 r | ee} rr] Ps opt ete eee ee dae iat eet ae Jer Wer oe Oy 





Pa 








Cr ee | A CI Dee oR math a DELP EEP CUES 
f 5 ti Cae Pika Fie 
A mL a eee Rae Pe reams a Cr iat) Aerts ss Oe a ae ee ed we) Leet PROS T LE meted, Pei ithe 
‘ 5 TSC Sal vary Dec leer [eee Di ale ee er Ta a fae tas ar Lx ee die Nol ery Pye eed a ae fens a A oa Pi a FD UALR ot a Pd ee ae ae en Oe aT ate ees seater aS 
am | Cn ae ee | ig Nise Bae Lda ioe Han See ear Ua an Jee ee DE er) a ee Te Mee ea fe bepusnge par ERE ht RAE AIO SPOLETO e PoP nT tLe eee re ae i Ste c+ Ma tb ee a a 
; a a ee, ee | Sales IR a ae i a ECE bra ae cat Tet Ir IS et na pra JL) DT fer ear trae Maca At Sada Wel eget? Jue erm ir aa de Bt le tal SES Let Pag eof ree ae at te ala! wast sede, FF FF PHS wt Sos 
a Pea ai se a aL a an eee Y ee Nail Padi eae et eee Hey Sr er Lt UI ae a ie Se a AT ee ic eer a EOP RMR RC Te Yea bd age ‘ae lek ena 4’ aes ae (PLTIE OL PT: ee 
5 mg Pete a gs Le ane De om cP ey set eee Mats JE Jer Nec a He Le Co gr ee Le SL Me em rae ee ee Roll ee ee er I Pod Sah Tear a MALI aut a eee , PACU LE SASS PPL Pat wet: fine gee 
A fren gny a) aah eel Joe Aaa RCM fe tar 1a be Jr et A ea RO re ee eT SEES PPro a) fd a hee Fever for Po Pree es res the es dy ee ku lta 
, Rare rae 7 A ran ar rine LOR Raia gp Fas Se ee ae Oe er Pia Ue ey a eae Media Pause ag eae Vitus oe Fe, Pot shinning Peat reat ein pie wp, 
A Cec ar ey a See TEC J te ee Tae Ta Sra Ta RCo ee SHON Ms eT RP at A Sova Schaar ey Pe yo ae Ne ee Se eee at et ae Ue an A co an tee 3 Soe Pe Seep aD Rskt eae ay | ‘Pree 
* Lee i a ame er a ae ee Ca ee gr ee Yee) ') ee ar Or Yee ee JAC Be at ae Ce ae at Set hast (em h po at eek de pian t Awe were wit ae iia at Aa CSE Ie fie berry Dap ey lak ep kaiaed ele 
oe ee lier Tey er 20 ou ple PL Oe ee ae Pe re) “Taare s oon yp get, eee at AC TIO 1 ve Pree bie nee hehe 2 PNP IDE AEEG ER ve tmuige a gee Ps DEERE MPR, Lie Ae ae ae core 
“a rear oa] a CnC Le aaa aC fay ielaoy teri Is Ce gece a aera Gar ey OF ee ody a: Pat ae NOM ie os Ie or Pa pate dept en Rea Tee ee eee hee ee - RAMA TLE Se EDEL is oO ee ehe 
lie a SC Je a SY Ye gee eel dei ay Je iy eee J al ot ie DL Pr RL at a eee ae tes fie a ae ae aed cide an A wae 08 gra. oP ay aha TOL ka sak ed a oS TREE ; 
Cae Lia ae et Or ie Jer ee aa Der ar ae ee oe Ne eC a Li aria PAR AS LU ene AB PEER E DN See PREIS SILT LL PCR ie Bid Rae at toe 3 TIPS ths 
B, ae eee ae ean Yee Yes ae Ps Ae st ie en a ae Ae ht Do Bt Eat Ce er fear ie fe lege EP a aE I IIL Se Se Seer eg Peis eg ARETE EE Edel ae Piatt i Ht hd eae tt sd 
ae ee an) CO ae 2 ee ere Peer Pac ee eae ee airy ety Soir fori Berner BA ee a ae ae Be ee 2 MEY RP aa ee TN ae Re a od Pe Hus ate FAP RUN BF ip ge epi a POSS pe, a 
tc nee Ta) Co ) 7 re | bar we ta ae at a] a eT | NOUN ee Bm ee LW Ree rT, A ae ae ° ae on fe rae te as? i} epee ae pasag etn oy! amar Pai See tae ee eisenee LEIS 
5 CT Tie Mere eeciier Ce ae re Lt et eee er Pe er Ti NU Maa Te ES Se ors uP ae J er 1 ee E eyea to Le jay, oe, etapa ge oh ae SES f Pane She Pal aad Het oe ee eerie nae, ae 
2 ee ee er Teer a Lia p er) Pe rea, LT Le i ae Oa ee ee Ly Le ree © | a Pohian oy AMOR LL: Ui ee ACL BS Ppa ARE RES ay tT eid cis ae ie Py ans 
P r 7 OLS Her a eye | pc dead te, Je Es Wa tige Ge eo opera ena LT ILC Se Var 8" J RP a Vee ee pee ry SO ER Aa murat Be pray Ce ee CE err ete ee ye res Sg th i) a Oe hy da Lo 94 
A Py] eC ie aa) Her: PO ae a RN AS a ey ee ears we eae tos AOR CRN SUE RTO PNAS ent meee Pee A LT A Mean Ald reteset 
fey ss pereoy eee roe eed a ae Pa een COOROUrs re eu Nar RH AMERY RY Ae E RS Bey LA Pe Brace are de Ee Ase SUE Paes ae fe 
ae A om ee ae ie PUP t prea pa ise Mee rr ane 00 er nat Sa eer UMLEe NONUN CZeCNUE Or Re rena a} wees, ue sine hier ee fall MC i coat 7 eae re 
A A ‘ aA Ci a | ae a) ee We See ee ee "ee egeg RR eae ral Caray Sane ir eegeg nu Ue ae 
bir ae PY i a ALO da ete Tp) 








se 8 heb gas 
ra at fae -¢ 















tet 







































head re ad ae te Fi Adhe mie ia 
Y ‘ ir ae ¢ PES EROS PE As UT te Cran Ss frig tee re eg td hit ph RA ee 
eee eee Ot RY Shey Fb 8,008 fied Yes eS peg aL ASS OS OF PS oF ee A et ip sy 
we? ofa of ape Le ae ae Be a ae) ae ae PM ge, bP4 Pea be oe Par ue Ln ee at ae Se ee ae hts Ut A es od il Ce edt ee bo are See ee Par he Lay ae 
OO pte oe oe i rae) Ce ee i ee at AL Day Ji ter Ny J a Foe 8 SPT he deg pace pa Mens Pe rs Bae Se eae Oe rien PE Ae PE od Pe are , PA) Corel eee AEE IRS 
Lea Dae Cu ir ae ee Li Jose ie aCer ee ec Marie Segre iae pide ee a eae Jee Spear a er ns sont ee Ot ee a ee I el OS Rt St BLS Siete eae Po et ie SS paee a ott: 
f Coe ar Yer ver acy Paseo, 7 rer a a a er ee or) PO pLIGR da al NOW ae tear araran Pm ey Pe An Pe FOE Le PERV i tae |b Ue ee Se ey Ey iy Se iad Ral ae iF iw ae alo ph Fa 
A it er ieee Sa de et a ar sera War ie feo af af POR eS te: Ce i ae ee ee Tied Oe a cate FP oF Ae MEY 9S ores ue Oe ey ok ol ad as Te i eh ae tees eae try repeat tthe ies ach 
a es re Ce eae Tr ht ( aie Deer ar ees ee Lan | a dee Se A ee I Tr POON Tena ee PUP Mr mss Cate eRe ag gy ARES SES PY SL nae eg Fee ets eahtaataas Leh at ad pee ed ne 
ae Sa Pe ar Cae tte eh era toe oan iar ane eee panera eFC er area Sr Hi i Ae Pee TARR AE I oe REE a i tire Sande ha ole Tes aaa ddd 
een Aor re Co a ee JL ee a eae a ERE Wea gg ts Laws PSR are Le ea eS Pe inlet LIP EE et pena se Sait y PE EEE a RP 
5 “pave Fy Baer pa ay ee a ea De Je ie re be a, Jat eek Tet) Tee ar) Coe Oe ae ey | RRR a ee yi i ae ee Fd ft Oe DP rege AIR 2 be Sy 2 | TEES” pe gry Cee ie ero Pho kae Lie asa et 
a oe eee ee Se eR ra te a a HIG Re RN OC yy Dar het) ee a ee) te P oho apy PRE REO ER TO SY LED Age Pes Ry I ere LA aa a ot Ee jel al 
| Cr Coe ee a rand oe Lee er ate re) i  ) 2°? 8.4 Pe tT? UP shad Ps Sa aa San Bea Tar 2 Che Se ee oe ne aoa ts Pe tA) ere ee a ee Ae ea a i Kove A eo Se a ee ae y Mad orl 
"7 Fy o e pe ei Lea eee 10S TLR Or Nee Cara eee a Name Te Da PT Sa fa alta it Oe ee Me a ae) ee ae es ee ae it eel PC ee Peas aa nl ae rar PN ETRE fees TS it ae iP reas 
+ A Pr fale a a HO Jee A A cic fa A a ERA 2 diese ap ee Qe I he ee eT a Re Oe Da ee ee ee Ace rae Sa dh ed ddd is ay RM eee eat Fi RENE Ad ea 
is ner ‘ Vee eee gee a Sean ay i a ae vr Cr ee ae | eae Pe Oe balbanange er PRET E AU ESE DOONEY, ap rae beets Peis Papi aS RRA Nd td Por ae) Ce Sent te ie 
f 7 ar F Leake ZA Lem Ry EO aT re I eer ay ee aes i Beeb s wen ot yO AI ae SUT See yy) roe eC cle or Bet Ce ee A f DERE HIE ee eae en wees pat sales pei fesey 
’ Or ee ae Rees OIE ST re Pe Er ae ie eerie per ea eee ete FI Fe ee | Dee ee eo Partae ht Ant shine CR |e de Cs te A ol od Pert y et Pah ed ays * MESA oF 
aye o #, a Last Sean amar a Cee EARS BNE anaes Gatien sa Ce ae I SA TC a ae Dr a LY Be ee ka RAL ACRLE MP CIES Pr ee Th eh ley gh eT) as ie Teas tt Ae Al ae De at ae pai 
% : F p D ey eae ieee A Uh ac erie eer a alr et ae a at ie an are Cara a Be) Le eA eT Ra ate ra CR RL Ose Peet as Ak aed ae al a 
7 8 Cr er) ee a Cec pS So er a Sa aad ih ip une a BAUR ara in de UN DCSE AS ie ide Delrin . i Se ees HP p Core Lies rte Fre 
Ci a Re ws oe ia oe iy Pee ri A ea a ee % tas fr iat eta Tee Lae) a Oe ial he La. PES AP dae EHS Ag Da Todt alg 
ait xn 4 ata aa Fa To . 
f ’ U ir) a eae o , i Cae Pier i Pee en ee 1a PS be a SW 
el 









a) 0 oa 
















O > boe 
an) ty en es ina Sales 





















aR 
rae eae 
OUR © OMe ra . 
ALD ed ee De) prt 
irs thy e ty aa 
Te Geri te OM oe ae 
ee OY " PR PN dt i hae ee er 
PRR ERC D 43 

PR Le Pee Ss ae 
























Mihi d ee a) Ad ol Ue or a LL oe a 
OR riers cureneraraar at arr) treet eet 
A rae | er ee IC SI Sa Re Le ee ee iH Ue ees CP a ae er a) Ee doth a te bat I tal) LE lal oa, te ow PP Ppheatn Apap gd 
7 i Ui O i hn oe EF rae a ee Prius eee f t se igh Se eed Ie eT awd AAR Ze Cote Ae SR as ee eh ds SRN ts et Ap Le ass 
a ar] y L 1 ee aa ie? Ld ae as a aT a i ‘ 7 Oar = EC ee ae | + OF FM Pe por gig ae ae i lad Lf ola A Bt 
ari Phe pare Tear a ety Hit oY Aer ney Tea Carole Tai emi Ot OY ce Tae Tea er ea Bee eWi ance bhi oe ee OOS IDM Sa SALON a AME POPU SA a Sere Paes 
a (re ere ay oa me per i POR IL e RRrLINCOTTAC EY Wimpy Le Se ery er 7 
' oper A “st 8: 4 Omer an Bn Tee | aaa ne en Yee hoy err area 
eon ge a} 


Born) Pee: Ee ed 
COU Mee Be red Edd ea he 
Ved ge Fa ea a at yh 
Pe Ao Oe SE a “ae hee sip ded be athyh 
ay Pee ee ‘ Larisa at er SA Je Yar fer Tee er Bay NN 2) a Serre gad Ue 
i) ' bd ‘ G7 0 fan ear e a | an me O 
”" G 1 a es 4 Ly 


PSST AAR ER PIE ite 
ee A aah ik LN hid old to Fag PL 
7} Pen ae eens Cara PU Ee AR ae Pee A pate PI O8 FES [i rd ad bh Re oh 
; eit See ORR Lk Beg LARUE ed te ad SAY aoe Rained bs 
. . ds - sae Toth swe PP tg DS ta) eae a aot he pap Lrg Aa ae ded bf ie Mok ldiled ie ddhtige Lr it 
: an ere nr) a Paes ps Ut ae Cre i ae eo ae | Pi Sees DS CO ae oat ene Be) Ce | URES oral) Pelee ly shy A ah eh foe er ee Pee bel aL 
H , Cr Cece acias me yor 'y coe me a Pa irre J Se Yaar a 2 a eae acer ar ae 9 Ue ee) UA Oe BA Pera eee BAe ee rie OF MRS ot fg Cot Pier Artie 
‘ ' cS Ce ee Cae Te 0 Me omar eer daa ae Hr Fe 0 ’ ae a es yg Ue a oe Ce RE ed Pp ceeh Fer dae Fy a a ee La a ie oer ad OTE de a Pe SECT EN UAE Bo ES Hor net rude ea le aad oe Pe ad ak Bae ) 
e Caer ean | ‘ ery a mT Cee a 7 Can dear Wa tie a) are ee Hy aly’: Orme EMER ee hy Pe Le er eee lary ae ear) OC SY eB OT a fe tp rte s Achy KEE ralaty tans ) Pasar ie ene Rated? re tr Prey 
Uy r D A a] A eee eX rcer rn re , Re io Ae Mr Pa PURIRLAC, SL ALOR A 9, Lar Ht ees ne a an PCR en ae eds, ee] ia a Nita i tie ia? Ree Boles Seen 
he ‘ ‘hot 4 ste n oa Leta eee ier ac Sed nae fe Fa i a a ee a ae Le ee a ie RAAT ee Ton eee ey: COC re aS Rae RES he ete ie eg fame pod, 
es F) ae ai era eee ar at ie 5 na rer a) Loe, ae een oe ee POS) Mak Baa se Fcc Le Pye Lo Se OL eae PRESARIO re ay Pee ai RE needa . ih Moke eels) 
A} . P D oc ot aa Ree ere OREN Adee Tit eee ar eet ee 3 neght te PARC On iE Sar a hire Ale eee AOS se hy! ae RU Toes PSM Er it Sree ekida ed 
ag ars t ao ae A rae Cee irene eee Le MCRL Sy OA ver ers A rT Py ran) raat | PO ae Oe Sr re aaa Lt BORON & WC neuer Th ee Pe a aa ae pea pan ted 
+t t WONG Cer ac een soe aS aie ee rae aa SA rite beds spit haen FA Oe De ees er UR Tee eae ey NAC RAY 3 sae Ca 
7 oa rar ee , a at ACI tea fr at LT Sx YL Ja Ceo een os Fa PP Rare OIE ee Yi a SE CINE eM AER gt 
oo Par Fs Fi TNE er rere Chere Cae ee ea ea Is Se rey erie a ee Seca Kay fer ea ee) ee eo 4 
ou fam A P Cit ae fae se er Sens Je a ere car Pe eam er ae Oy vr SU Pe ; 
Bs te a U ae . am eX Mer fan f a ie Bg paler rae Le BA Oe] F) Pie a 

. t ae Ven A rive, oa et ee a 
‘t * hee ae oe iu aa n ess tetas j 
ef 












+) pe 

























ee 
Sl 





























ay 















ae 0 reat Vas os CREAN Oo 
A A Pema aa ord (oar) oot hone Poe | 4 rep: a een, fet hip 

Somer ie it DRO AN at A ial Be Me a ae ESP oe ry APs eles 
WC 3 err ecm vt Fee a. i 

ara 


CER i 
F rib inh Tee if a Ve et hon Be BP den 
Parca tn tek Peery OR Cra tpt nae ies, geht Tepes age at ee eee i 
ry SOs, ras pr) COL aL OR ET | o ype Ad hh Map Aecrarkc\iti bn .- 
UEC ae ae IL a UY mca Saray a inh a ; Be er ae 0 ok 0 Db Aa ar a) Ti 
ee re ie ar a OL Ste air Yar 3 eens ee? 00 Oe ok Lae comm «s 7 
Cy sk Vy ee oe aera Te Pa ashe neat 
, Teen Tae Mee ecg ek ee 5 3 Pie jet oes aes A 
a a aa) Py o 7} , Ca oe 











at 
a a are 





DUDLEY KNOX LIBR RY 
NAVAL POSTGRADUATE SCHOO] 
Rik 


MOlene =. Ch 

















REACTIONS OF ATOMIC CARBON WITH WATER 


Glenn Flanagan 





REACTIONS OF ATOMIC CARBON WITH WATER 


Glenn Flanagan 
jl 


A Thesis 
Submitted to 
the Graduate Faculty of 
Auburn University 
in Partial Fulfillment of the 
Requirements for the 
Degree son 


Master of Science 


Auburn, Alabama 


Pucwsitewze,; 1986 


’ 
Tren Otis ws SINOTA 4S GEeTSARe 


eH ce ak ane dU 





~ ; 7 
= "ws 
: . pate @ S2 
a i’ «4 aoe 
if ‘su9 é — aC 
¢@ ee 
. 3 





eee ed KNOX LIBRARY 
ee POSTGRADUATE SCHOOL 
ITEREY, CALIFORNIA 95943-5002 


REACTIONS OF ATOMIC CARBON WITH WATER 


Glenn Flanagan 


Permission is granted to Auburn University to make copies of this 
thesis at its discretion, upon the request of individuals or 
institutions and at their expense. The author reserves all 

ao lieation ribs. 





VITA 


Glenn Flanagan, Lieutenant U. S. Navy, son of Samuel and Nina 
(Brown) Flanagan, was born August 10, 1956, in Mobile, Alabama. 
He attended Mobile County Parochial and Public Schools graduating 
Racmmoonm oS. Shaw High School, Mobile, in 1974. In July 1974, ee 
entered the United States Naval Academy and was awarded the degree 
of Bachelor of Science (Chemistry) and commissioned an Ensign in 
moeeU0, S. Navy on June 7, 1978. In September 1978, he commenced 
feainang tO attain qualifications for supervision of the operation 
Of naval nuclear propulsion plants and graduated from the Naval 
feelear Propulsion School, Orlando, Florida, in April 1979 and the 
Naval Nuclear Prototype Unit, Ballston Spa, New York, in September 
1979. He then attended Surface Warfare Officer School, Newport, 
Rhode Island graduating in March 1980. He served two sea tours, 
e-om April 1980 until April 1982 in nuclear powered cruiser USS 
South Carolina (CGN-37) and from May 1982 until June 1984 in 
nuclear powered aircraft carrier USS Nimitz (CVN-68). In June 
1984, he commenced graduate Studies under the Navy's Post Graduate 
Education Program. He married Margie, daughter of Finest and 
Fannie (Scott) Kirksey, in September 1978. They have one son 


Glenn, Jr. 


pay 





Hod oe ora 


REACTIONS OF ATOMIC CARBON WITH WATER 


Glenn Flanagan 


Master Of science, August 27, 1986 
(SBooe,) Ue oo. Naval Academy,, 1978 )} 


148 Typed Pages 


Directed by Philip B. Shevlin 


Atomic carbon reacts with water to produce formaldehyde via a 
carbene intermediate, hydroxymethylene. Hydroxymethylene further 
reacts with formaldehyde to produce glycoaldehyde via a 
five-center six-electron transition state, and subsequently with 
the glycoaldehyde to produce glyceraldehyde. Theoretically, four, 
five and six carbon sugars should be produced in the reactions of 
water vapor with carbon vapor generated by a high intensity arc. 
Therefore, the reactions of arc generated atomic carbon and water 
were performed with the goal of determining which four, five, and 
six carbon aldose sugars were produced. In addition to 
glycoaldehyde and glyceraldehyde, the four carbon aldoses 
erythrose and threose were produced in measurable quantities. The 
five carbon aldoses arabinose, lyxose, ribose, and xylose were 
produced in trace amounts. 

Because formaldehyde is the product of rearrangement of 
hydroxymethylene and a potential rate determining step in the 


production of higher order sugars the reactions of atomic carbon 


V 





with water and formaldehyde were performed. Should the reaction of 
carbon with water proceed via a hydroxymethylene intermediate 
there should be an increase in the yield of four, five and six 
carbon sugars. Reactions of atomic carbon with deuterium oxide, 
and formaldehyde plus deuterium oxide were performed as a 
verification of the proposed mechanism. The mechanism of 


hydroxymethylene addition to aldose sugars was discussed. 
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in cNTRODUCTIION 


One of the most intriguing questions that has faced mankind 
has been the source of the origin of life on Earth. A relatively 
new field, prebiotic chemistry, has developed in an effort to 
answer some of the questions of chemical evolution. Recent 
studies by radioastronomy have shown that there is a large amount 
mampmatter between the stars of our galaxy.’ This matter is located 
in clouds in the form of spherical shells which appear to be 
expanding and may be remnants of supernova explosions as 
mrEeviously predicted. 

Of the elements thus far identified throughout the universe, 
the six most abundant are hydrogen, carbon, nitrogen, oxygen, 
sulfur, and phosphorus. These just happen to be the ones necessary 
for the formation of organic compounds. Indeed, in 1968, 
formaldehyde became the first organic molecule to be found in 
interstellar space. Since then, corresponding to the development 
of radiotelescopes, over fifty molecules have been discovered in 
interstellar space using microwave spectroscopy. Interestingly, 
the first five organic molecules detected in different regions of 
the galaxy are among the most important for prebiological 
SymenestS Of Organic compounds: Ammonia (NH,), a basic catalyst as 
wea sea, source Of aming groups, water (HO), the universal 
solvent; formaldehyde (CH,O), the precursor of carbohydrates; 
hydrogen cyanide (HCN), the precursor of both amino acids and 


it 
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Purines, and cyanoacetylene (HC,CN), the precursor of the 
pyrimidines. The complexity of the molecules detected to date 
ranges from diatoms (like CO) to polyatomics (such as 
cyanotetraacetylene). Some of these molecules have also been 
found in comets, and the Jovian planets and their satellites. 

Surprisingly, the Earth does not contain large amounts of 
organogenic elements (H, C, N, O, S, and P) in proportion to other 
elements. However, obviously there are enough organogenic 
elements for organic synthesis. Current theory ascertains that the 
organogenic elements became part of the atmosphere and hydrosphere 
by a process of outgassing during the early accretion period of 
the earth. And potentially, additional quantities of these 
elements were incorporated in the Earth's atmosphere by capture of 
comets and carbonaceous chondrites during the late accretion 
phase.* Comets are known to be made of ices of water mixed with 
Organic and inorganic compounds, and carbonaceous chondrites 
contain amino acids and other compounds. Two examples of these 
most likely sources of prebiotic compounds are two meteorites; 
the Murchison which fell in Australia in 1969, and the Alan Hills 
wach fell im Antartica in 1953.* 

The matter resulting from outgassing and late accretion was 
probably composed of simple gas molecules such as CO,, CO, N,, 
Hee ;enjo and smaller amounts of H,, NH,, CH, and possibly other 
Simple organic molecules such as those found in interstellar 
space, comets, and carbonaceous chondrites.°? 

The synthesis of organic and biochemical compounds apparently 

occurred on the primitive Earth in at least two major phases: the 


formation of biochemical monomers followed by condensation of 





S 
monomers into oligomers and polymers. This premise has become the 
cornerstone of prebiotic chemistry. 

The feasibility of performing simple laboratory experiments 
to study the origins of life was first reported by Stanley Miller, 
in 1953, when he successfully produced amino acids from a mixture 
of methane, ammonia, hydrogen and water vapor by pasSing an 
pilectric discharge through it.°® Since, then a multitude of 
experiments have demonstrated the formation of amino acids and 
other organic compounds by subjecting simulated primative Earth 
atmospheres to a variety of energy sources. Prebiotic synthesis 
of carbohydrates probably involved formaldehyde as a reacting 
species. Prebiotic formaldehyde in turn had to result from the 
combination of atomic carbon, hydrogen, and oxygen or more likely 
the combination of atomic carbon and water. Therefore, efforts to 
Simulate conditions for the prebiotic synthesis of carbohydrates 
gm the laboratory should entail generation of atomic carbon in the 
presence of water and/or formaldehyde, and provision of a cold 
surface for condensation reactions to occur. 

Lons tom3 xr 

Atomic carbon is one of the most energetic intermediates in 
chemistry possessing three low lying electronic states.’ The %P 
ground state has a heat of formation of 171 kcal/mol, while two 
Hov-lving metestable singlets, C(7D ) and C(’S ), have AH, of 201 
and 233 kcal/mol, respectively.® This high potential energy is 
like a two sided coin; it makes generation of atomic carbon 
Gitvcult however, it also causes atomic carbon to be highly 


reactive. 








4 
Production of Atomic Carbon 
Thus far, experiments designed to produce atomic carbon have 
followed one of two generalized patterns. One has either 
injected sufficient energy into a system to convert a precursor to 
carbon atoms, or a precursor with sufficient internal energy for 
decomposition to carbon atoms has been used as starting material. 
Nuclear Recoil Methods 
Nuclear reactions have been utilized to prepare radioactively 
[meted carbon atoms, either **C or **C. These methods involve the 
bombardment of a host molecule with a high energy atomic particle. 
Recoil of the highly energetic radioactive carbon results in bond 
breaking and the production of a free carbon atom. Some examples 
Mmmeirclear reactions that have been utilized are:!4N(n,p )1*c,? 
12c(n,2n )"c,1° 12¢(p,pn ) Mc,11 1°B( a,n )1c,12 11B( p,n )"c,” 
morn C,- and ~N{ p,o )'4c.'* The radioactive carbon atoms 
produced by nuclear reactions are born at 4500 kev and lose their 
energy through elastic and inelastic collisions and are thought to 
meaee either in their “P ground state or in one of the lower 
energy metastable singlet (4D or 15 ) states. The entire excess 
kinetic energy these atoms possessed may not be dissipated prior 
to reaction, thus making reactions of hot carbon atoms a 
Significant factor in these systems. The yield of carbon atoms is 
relatively low (=10’atoms) and product analysis must be performed 
by radiochemical techniques. The products are usually analyzed by 
radiochromatography and identified by the half-life of 1'c 
(t,,.=20.4 min) and ‘*%C (t,,,= 5770 yrs). A major disadvantage of 


this method is that only products containing the radioactive 
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Carbon are detected. However, this is offset by the fact that the 
meme Carbon produced is 100 percent C,. 
3 hite V re me enaG 

The Carbon Are. The carbon arc method of generating atomic 
Gatbon has been pioneered by P. S$. Skell and his coworkers.}° 
Carbon vapor is produced in an arc between two graphite electrodes 
and cocondensed on a liquid nitrogen cooled surface with an excess 
Gf substrate. The carbon atoms are produced at high temperature 
(=2500°C) in a low pressure (=5x10°° torr) atmosphere and travel 
less than one mean free path during the flight to the cool walls 
foo ej This minimizes the probability of gas phase reactions 
between carbon atoms and substrate during flight and reactions are 
believed to occur in the condensed phase although the exact 
temperature of reaction is not known. Carbon atoms are produced 
in high yields and in all three low lying energy states. In 
Betton, C,, C,, C,, and eeoreceeLoduced@im the carbonvarc 1n the 
mero of 100; 35-48: 7-10: 0.6-1.0.+° Reactions of these species 
must be taken into account when interpreting the results of an 
experiment with arc-generated carbon. Also, pyrolysis of products 
formed in the immediate vicinity of the carbon arc and potential 
PMeeolysis products as a result of ultra violet (UV) radiation must 
be considered. 

Heating of Graphite. Graphite heating results in the 
evaporation of carbon from graphite. Usually the graphite is 
resistively heated to an excess of 2200°C and the evaporated vapor 
Bs allowed to react with substrate.** +’ The relative amounts of 


= . 


fee ond Cin Grzaphite vapor have been determined by mass 


spectroscopy?® and by chlorine trapping experiments.!% The vapor 
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PompOsition depends on the temperature, but C, predominates, along 
meth C, and C,. Product studies have shown that only ground state 
Pec weencuthe singletustates Of C, and C, are available for 


6 


Meaction. ° Lasers have also been used to generate graphite 


Peon. -9*-} 


It is interesting to note that vapor compositions are 
somewhat different than those of resistively heated graphite with 
peeaao Of C,3C,°C, of 1:1.4:17.°** Laser heating of tantalum 
meelomele PrOGUCeS Carbon vapor with a higher percentage of C, as 
compared to vapor obtained from heating pure graphite. ?’ 
Photolysis of Carbon Suboxide. The photolysis of carbon 


suboxide has been studied extensively and is exemplified by 


Semations (1)-(3).7° 


ipGre2e=0 = (p-e20) (= CO (1) 
[:C=C=0)* +s :¢: +CO (2) 
[C=C=0]" — + (C, +0 (3) 


A pioneering UV absorption study of the flash photolysis of 
carbon suboxide at 1590 A revealed that carbon atoms were 
mmeevecduin the “2, °S, and *b ellectronic states.**? This study 
also enabled the measurement of rate constants for the reaction of 
me reieand C(*D ) with simple substrates. 

Pmceochemni Cal Production=ot Atomie Carbon in Low 
Temperature Matrices. Photolysis of cyanogen azide in a matrix 
at 14°K produced carbon atoms via the following sequence depicted 
imeaquatitons (4) and (5) .°* 

N,—C==N —-Y 5 No + NECN (4) 


Cees | NS (S) 
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Maeecarbon atoms produced are in the ground state, C( °P ) and 
diffuse through the matrix in order to react with substrates. 
Chemical Production of Atomic Carbon 

Precursor molecules for the production of carbon atoms must 
contain sufficient energy such that their decompositions will be 
spontaneous.One example of such an energy-rich molecule is the 
meaepene, a divalent carbon species, tetracyclo-[3.2.07'’.0%:°]- 
heptane-3-ylidene depicted in equation (6). This compound arises 
from the pyrolysis of the tosylhydrazone lithium salt as an 
imeermediate in the production of atomic carbon and benzene.?’° The 


atomic carbon then reacts with benzene to produce toluene. 


c 
ds. dd... 6 « 


Another molecule, the potentially explosive 5-tetrazoyldiazonium 
chloride, 1, serves as a precursor to 5-diazotetrazole, 2, which 
undegoes thermal decomposition to produce atomic carbon.?® 
Reactions of atomic carbon are conducted by performing the 
pyrolysis of this compound at 100°C in the presence of a gaseous 
reactant. The carbon atoms are formed at approximately 100°C and 
possess little excess kinetic energy. It is possisble that atomic 
carbon is not the actual reactive species in the decomposition of 
2. Although the products resulting from such reactions are the 


same as those resulting from other methods of atomic carbon 
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production, the product yields are lower and could invlove the 


Bateeron Ob a CarOOn atom Gonor such as CNN. 
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In addition to the methods discussed above, a variety of 
fascinationg ways of producing carbon atoms have been devised by 
chemists and warrant mention. Atomic carbon has been produced by 
passing carbon suboxide or carbon monoxide through a microwave 
ewecharcge,-’ by the explosion of graphite filaments, 7? through 
Boeck tube decompositions,*’ pulse radiolysis,°° and by the 
weteralization Of a stream of carbon ions.* 

Reactions of Atomic Carbon 
As previously stated, atomic carbon is one of the most 
fascinating intermediates in organic chemistry. Its high energy 
makes it extremely reactive and its zerovalent character causes it 
to behave much like a carbene participating in addition, insertion 
and abstraction reactions. 
Atomic carbon can react with hydrogen by either insertion or 
abstraction. 
Cc + HH — A — 4 (8) 
C + HH — > <—H + H (9) 
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2 
Insertion into the C-H bond to give methylene is exothermic for 
all three atomic carbon energy states. However, insertion by 
mer) is expected to be reversible unless stabilization by a 
third body occurs. Abstraction to yield C-H and H is exothermic 
for the 41D (AH = -6 kcal/mol) and 1S states (AH = —-38 kcal/mol) 
but endothermic for the ?P state (AH = 23 kcal/mol). Product 
studies of gas phase reactions of atomic carbon with hydrogen have 
indicated that a major product is acetylene, particularly in 
reactions involving laser evporation of graphite*? and explosion of 
graphite filament?®. The mechanism proposed to explain this result 
involves an abstraction of hydrogen to produce methyne which then 
dimerizes [equations (10) and (11)]. However, a series of 


Beoeeeactiaons by C, 1s also consistent with this data. 


C+H, —> :CH + H- (10) 
2:-H — ee Gap 


Reaction of atomic carbon with hydrogen containing five percent 
ethylene as a trapping agent produced cyclopropane, propylene, and 
1l-pentene.°* This indicated that C(*P ) inserts into the H-H bond 
to produce triplet methylene, which then reacts with ethylene to 


give cyclopropane or propylene. 


sCH, + GHy —> HCFH, * ——> HEH, es 


Le. 
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Obtaining l-pentene as a product has been attributed to the 
reaction of methyne with ethylene to form an allyl radical which 
was trapped as l-pentene [equation (13)]. It was proposed that 
methyne resulted from decomposition of singlet methylene to 
methyne and a hydrogen atom in the absence of a stabilizing 


medium. 


; C5H4 
CH + C,H, ——> CH=CHCH,- ——> CHS-CH(CH,),CH5 
le 
RH 


CoHe 


CH=CH(CH., ),CHz 


In contrast to gas phase studies, atomic carbon has been 
Pemerated by photolysis of C,0, in a matrix at 4°K and reacted 
mmeenenvdrogen to produce methane.-* The carbon atoms are 
Meearentily degraded to their ground state C(7P ) in the matrix and 
react with hydrogen by insertion to give triplet methylene, which 
adds an additional hydrogen molecule producing methane. These 
studies indicate that the behavior of atomic carbon could be 
summarized as C(?P ) inserts into hydrogen to produce triplet 
methylene, and C(/D ) reacts with hydrogen primarily by 
abstraction. This behavior is opposite to that of carbenes, where 
the singlet inserts and the triplet abstracts. 

2 tomi x wi ° ° 

Carbon atoms have been observed to react with hydrocarbons via 
C-H insertion producing a carbene intermediate,°*4 by hydrogen 
Me semer lone tomaecnerate methyne and a hydrocarbon radical, °° 


stripping two hydrogens to form methylene,*® and by 
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stripping various larger fragments from the hydrocarbon.*’ No 
observation of carbon insertion between C-C bonds has been 
mePOLeced. The reaction of atomic carbon with propane has been 
studied by three methods, and serves as an exempliary reaction of 
atomic carbon with a hydrocarbon. When arc generated carbon atoms 
were reacted with propane in the condensed phase at -196°C, the 


faner products were those of equation (14) .7° 


et iS on a ene (14) 


AS AG 6 NI 


mametaen (15) depicts the products of the reaction of gas phase ?'c 


mth propane .°* 


Mee AN e+ AY? > (15) 


1.8% 2.4% 1.6% 
ANS + ON + GHy + GH + CH, 
4.0% 6.2% 26.0% 14.2% 0.5% 


Equation (16) shows the products that resulted when 
tetrazoyldiazonium chloride is decomposed in a propane 
atmosphere. ge 


ee as = en - (16) 


12.4% 


e \ ron Jn. + CH, + CH, 
4.1% 


20.7% coe 14.1% 








eZ 
Analysis of the products of the three reactions show them to be 
Similar although the yields differ considerably. In all cases 
Beere are C,H, products of C-—H insertion which have been 
identified as resulting from carbene intermediates as indicated in 


equations (17) and (18) .*!-42 


a /, Y= EE ren 


59% 20K 7.4% 
BG + 
5% 6% 


The corresponding carbenes were generated in the gas phase by 
photolysis of the related diazonium compounds. Considering the 
yields of 1-butene and isobutene in equations (17) and (18) and 
comparing these to the products of equations (14)-(16), it is 
apparent that the carbene of equation (18) must predominate in the 
reactions of atomic carbon with propane. This indicates that in 
C-H insertion carbon prefers to attack the weaker secondary C—H 
bonds. The remainder of the products in equations (17) and (18) 
are formed via rearrangement of the respective carbenes by 
hydrogen migration, alkyl migration, hydrogen abstraction or 
insertion. Obviously, the products in equations (14)-(16) cannot 
Pimeescoult from from a C-H ansertion mechanism. The C,H, and C,H, 


produced can be accounted for by the following mechanism. 





ILS 


c+“ \ —> :th eet ON (19) 
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Lastly, methane production most likely arises from a series of 
hydrogen abstractions. 
Reaction of Atomic Carbon with Compounds Containing 
Carbon-Carbon Double Bonds 

The presence of unsaturation in substrates adds the possibility 
of attack at the carbon-carbon double bond to the reprotoire of 
reactions initiated by atomic carbon. Reaction of atomic carbon 
with olefins results in the formation of cyclopropylidenes, 3, 
which are known to undergo unimolecular rearrrangement to 


cummulenes. 42-44 


; 
We ~ a 
C + pe oa Vax bee —E— (20) 
~ we ES 
3 


This behavior has also been seen in the reactions of atomic 
carbon with ethylene, noted by allene and propyne being among the 


Beserved products. * 


11 = — 
c+ CH, —— > CoH, + Heatc=cH, + Hf—C=cH (21) 
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Initially, two mechanisms were proposed which supported the 
production of allene and propylene, one involving a 
cyclopropylidene and one involving a vinylcarbene. However, 
Bilalysis Of reactions using ‘1C revealed that the label 
predominates on the central carbon of allene indicating that the 
carbon atom reacts directly with the double bond of ethylene to 
form a %-bonded species which then rearranges to form allene.*® 
These studies also indicated that two mechanisms were in operation 
imeche production of propyne: C-H insertion to generate a 


vinylcarbene which rearranges to propyne [equation (22)] and 


rearrangement of an exicted allene to propyne [equation (23)]. 


11 — —- 11 = 
eee ee eee Ce etc =| (Ci) (92) 


11 — 
C + CHS-CH, —> [CH= 'c=CH, ]-—s CHe'C=CH (23) 


The major process appears to result from addition to the double 
bond. Supporting evidence for this theory was provided by 
predominence of the /4¢ lable on the central carbon. 

Addition to the double bond seems to predominate over C-H 
insertion in the reactions of atomic carbon with simple alkenes. 
Reaction of carbon with alkenes more complex than ethylene leads 
to insertion into allylic C-H bonds and subsequent formation of 


Genjugated diens.*’ 


es ae a oe ae =) 


618 26% 2% 








LS 
Additional evidence to support a cyclopropylidene intermediate was 
obtained when bromotrifluoroethylene was used as the substrate and 
the kinetically stable cyclopropylidene intermediate was trapped 


Eee) bromine migration. *° 


re Br 
oe 
c 
BrFC=CF. at artC—Le, ee AN3 (25) 


SrFC=t= i 


Reaction of atomic carbon with aromatic compounds has received 
considerable attention. The reaction of carbon with benzene has 
been of particular interest. Addition to a double bond should 
generate cycloheptatrienylidene, 4, and C-H insertion produces 


phenyl carbene, 5. 


— ex ~©O (26) 
SO 
Reaction of ‘+c with benzene gave the products displayed in 


eaeation (27). 7? 


i Ph—-H + Ph—CH,+ Ph—-C=CH + (27) 
C+ 3.46 1.0% 1.6% 
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The phenylcycloheptatriene and diphenylmethane have been 
postulated to result from addition of cycloheptatrienylidene to a 
second molecule of benzene. 
Ze ertonOLriatonlc carbon, ©, with 1,3 butadiene gave the 
products shown in equation (28) via the proposed carbene 


intermediate. °° 


Cr LVF — —— = (28) 


| | 


Yo 


yo 


Reaction of '!c with cyclopentadiene resulted in benzene and 


muivene formation potentially by way of the following mechanism.” 


11 
ale 
ie ax a C (29) 


insertion 
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This mechanism clearly indicates that atomic carbon reacts by both 


C-Heinsertion as well as double bond insertion. 
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< j ompound ° 
Oxygen and Sulfur 
Electrophilic atomic carbon was expected to attack an 
electronegative atom such as oxygen resulting in the formation of 


feevtide intermediate in the route to stable products.” 


a ees 
ee: ean eae 


Reaction of atomic carbon with aliphatic alcohols has revealed 
that the primary reactions are deoxygenation, C-H insertion, and 
O-H insertion. Reaction of arc generated carbon with methanol 


@ives the products of equation (30). 


Q-H 







CH,O-C-H —_> CH OCH,OCH, 


insertion 
17.8% 


eoxygenation 


(30) 


CHOH + C CO 


16.8% 


oe OH 
H-C—CH,0H —> __ 9" CH,CHO 


6.8% 


insertion 


The proposed mechanism was confirmed by studies uSing specifically 
deuterated methanols. These studies also indicated that O-H 
iSsecaetOon was £Ound £O OCCur Five to eight times faster than C—H 


insertion. The mechanism for CO production was not elucidated 
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18 
because the other fragment produced in the deoxygenation was not 
identified. Deoxygenation also occurs in the reaction of atomic 
Carbon with ethers as indicated by the reactions of equations (31) 
and (32) involving oxirane and propylene oxide as substrates, 


respectively.°?**° 


Gs ww, ae? ir ee Teel Cel st 


| 
C- 


C + Sa Ss ‘2 ae COs CHCH=CH, (32) 


i 
c 


Comparison studies of deoxygenation and desulfurization have 
been conducted.?® The reaction process proceeds by the removal of 
oxygen or sulfur to generate a pair of radicals as shown in 


equation (33). 


C+xX  — > CX+ (33) 


Because carbon monosulfide possesses more energy than carbon 
monoxide desulfurizations are less exothermic than deoxygenations. 
Therefore, desulfurizations usually proceed with less 
fragmentation and greater stereospecificity than deoxygenations. 
A comparison study was performed by reacting atomic carbon with 


tetrahydrofuran and tetrahydrothiophene. 





ing 


eos ¢ ee a ee ce (34) 
0 a 


Caz 


Bcd mae L —_ / 6S = 2CH, (35) 
S Ss 
+ 
7 a 


It was observed that the deoxygenation of tetrahydrofuran produced 
only ethylene which was presumed to arise from cleavage of a 
tetramethylene biradical. However, desulfurization of 
tetrahydrothiophene leads to both ethylene and cyclobutane. The 
presence of the coupling product, cyclobutane, in desulfurization 
but not from deoxygenation implies that the desulfurization 
produces a biradical which undergoes less cleavage. Deoxygenation 
of tetrahydrofuran to biradical and carbon monoxide was found to 
be exothermic by 122 kcal/mol, while desulfurization of 
tetrahydrothiophene was exothermic by 63 kcal/mol.?’ 

Deoxygenation of 2,5-dihydrofuran yields acetylene in addition 
to the expected 1,3 butadiene. This reaction was initially 
postulated to occur according to the mechanism of pathyway (a) of 
[equation (36)]. This mechanism proposed acetylene formed from 
biradical cleavage, a reaction which had no precedent in the 
Miteratucre. 8 fn alternate mechanism for acetylene formation, 


Pathway (b), was provided by Martino and Shevlin in 1982, in 
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which the acectylene and some of the carbon monoxide arises from 
an initial insertion into an allylic C—-H bond to generate a 
carbene intermediate. The carbene then cleaves to yield two 
molecules of acetylene and formaldehyde. In the carbon arc, a 


known source of UV light, the formaldehyde photolyzes to carbon 


monoxide and hydrogen. °® 


_ a —— 
C + —> / \+ CO —> 2CH, + a + (36) 
0 


mye CONntLLaSt, deoxygenation did not occur in the reaction of atomic 


carbon generated by thermolysis of 5-diazotetrazole with gaseous 


59 


furan. A major product of the reaction was 2-penten-4-ynal as 


indicated by equation (37). 





ZA 


0 So) 


The seemingly abnormal behavior of furan was postulated to be a 
result dictated by the electron distribution in aromatic furan's 
highest occupied molecular orbital (HOMO) which has no electron 
Memetty om oxygen. Studies using °C revealed that the reaction 
proceeds primarily by insertion into the double bond since the 
Peer so: tne lable resided on €,. Therefore, vinylic C—H 
insertion was only a minor process consistent with the fact that 
atomic carbon is selective in C-H insertion and prefers the 
Mmeakest C—H bond. 

Deoxygenation of carbonyl compounds has been found to be an 
efficient means of generating carbenes which are difficult or 
tedious to prepare by other methods.®! The products formed when 
2-butanone was reacted with arc generated carbon are given in 
equation (38). Methylethylcarbene forms as an intermediate and 
the resulting products are similar to those formed when the 


carbene has been generated in other fashions. 


Ze 


0 
I 


INS A ioe 7. (38) 


The reacting species in the deoxygenation process was postulated 
fmemoe either C(7S ) or C(1D ) because of the low yield of carbon 
monoxide when thermally heated graphite was used as the source of 
atomic carbon. As previouly stated, thermally heated graphite 
wields C(7P ) as the primary species. 

Deoxygenation of phosgene gives dichlorocarbene which can add 


stereospecifically to E- and Z- butene. ° 


Cl es, a 
C=0 +C CO + C: = 39 
Y —> y os s (39) 


Cl EC} 


Deoxygenation of cyclobutanone gives cyclobutalidene® as an 
intermediate in route to products similar to those reported when 
cyclobutalidene was prepared from tosylhydrazone [equation (20 ieee 
In an analogous reaction, cyclobutenone was deoxygenated to 


cyclobutenylidene in route to vinylacetylene [equation (41)].° 





oo 


<7 


=I6 7 nds 
a 
= 


a / * 7 iaas y€ 
= 7 7 os - 


ig 








ry S6 , Owe & 


~~ 
bowen can9 


se ( 2 S68 


cope 










s 
ay 4, 


’ wary 7c 
aaa 


~~ 


a= ba é 234i 





23 


0 
Pf +c >of fo” : (40) 
24% 
66% 10% 
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Reaction of Atomic Carbon with the Halogqens and Nitogen 





Aziridines have been observed to react with arc generated carbon 
to produce alkenes with loss of HCN [equation (42)].°° When 
cis-2,3-dimethylaziridine is the substrate, the 2-butenes are 


produced non-stereoscifically. 


+ /C: . HCN 
MH se Nn —> py ar (42) 
Ny eH 


+ 


Cir 


2 4 


Arc generated carbon reacts with chloronated hydrocarbons to 
Beve products attributable to an initial C-Cl insertion.®’ 
Reaction of carbon tetrachloride and carbon yields 


tetrachloroethylene and octachloropropane via the mechanism in 


equation (43). 
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c + CIl-Ccl, —> Cl-C-CCl, —>  C1,C=CCl, (43) 


90% 


cer 


CIL,CCCICCI, 


10% 


Arc generated carbon atoms prefer to insert into the weaker C-Cl 
bond over insertion into C—-H bonds. As an example, 

maw -trichloroethane yields 1,1,2-trichloropropene rather than 
fewer o- trichloropropene, a product of C—H insertion. These 
results support the idea that insertion by atomic carbon is 


selective towards the weakest bond. 

Cc +CHcckh —— CHLCI-C-Cl ——> CH,CI=CClL = (4a) 
Alkyl monohalides react with arc generated carbon to give 
halocarbenes which rearrange to vinyl halides and insert 
intramolecularly into C—H bonds to produce cyclopropyl halides.®’ 


This reaction also produces large amounts of acetylene which has 


been attributed to C-H insertion followed by fragmentation. 


cr ns —-t—c1 3 \Z0* 
91% 


ns (45) 
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Reaction of atomic carbon with fluorocarbons has been 

Besctulated to proceed by fluorine abstraction to yield c-F.® 
Pestraction of fluorine is exothermic by 83 kcal/mol. Reaction of 
atomic carbon with fluorine in the presence of ethylene has 
yielded monofluorohydrocarbons. 
E = iB b3 e Hyd enw 

Bomialachvyde Oo, is the most stable form Of CHO, however an 
alternative structure is that of hydroxymethylene which can exist 


jmeelther the trans or cis isomeric form, 7 and 8. 


H H = 
eso ne Aa aan 
H H 
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Hydroxymethylene has been postulated as an intermediate in several 
chemical systems and has been the subject of several ab initio 
Paleulations.°” = However, to date, hydroxymethlene has not been 
observed spectroscopically in the laboratory. The most recent ab 
initio calculations, Pople et al, 1982, predict the trans form of 
hydroxymethylene to be the most stable isomer, 55.4 kcal above 
Bermaldehnyde with the cis isomer lying 5.0 kcal higher:” 
Interconversion between the trans and cis forms occurs via 
Tiecemale rotation © The transition structure, 9, has C, symmetry 
and lies 29.2 kcal above the cis form. The transition structure 
for the 1,2 shift is the planar form 10, 84.4 kcal above 


formaldehyde. 
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Hydroxymethylene was initially proposed as an intermediate 
in the photodissociation of formaldehyde by Buck and coworker's’” 
in an attempt to explain a time lag of 4 ws between the decay of 
eewcormaldehyde S, state™and the appearance of the CO 


photoproduct observed by Houston and Moore [equation (46)]./! 


ect thee (s) === === products (46) 


Theoretical work by Lucchese and Scheafer, early in 1978, provided 
firm evidence that the lowest singlet state of hydroxymethylene 
lay only 52 kcal above the ground state of formaldehyde. This 
report was promptly followed by experimental data provided by 


Sedean and Lee, ’2 


which supported the possibility of 
hydroxymethylene being an intermediate in the photolysis of 
formaldehyde. They observed glycoaldehyde as the primary product 
Of the mercury arc lamp photolysis of formaldehyde at 12°K in an 
argon matrix and postulated that it arose from the insertion of a 
Singlet hydroxymethylene into the CH bond of a ground state 
Bermardenyde molecule. They also obseved methanol, CO and H, as 
reaction products and suggested that cis —hydroxymethylene might 
iesthe precursor to the CO and H.,. 

Shortly thereafter, Goddard and Schaefer reported a rather 
detailed, albeit accurate, theoretical calculation of the 
mPeetodissociation of formaldehyde at the DZ SCF level.’? They 
calculated the trans -hydroxymethylene to possess 52.6 kcal/mol 
more energy than formaldehyde and to be more stable than the cis 
isomer by 5.0-7.7 kcal/mol. The best calculated energy barrier for 
the rearrangement of formaldehyde to trans -hydroxymethylene via a 


Planar transition state was 89 kcal/mol. 





Za 

By contrast, the barrier to rearrangement of trans - 
hydroxymethylene to formaldehyde was found to be 36.0 kcal/mol. In 
addition, the barrier to interconversion between the trans and 
fie isomers was calculated to be 27.7 kcal/mol. This barrier 
results from the fact that the CO bond in the hydroxycarbene 
contains some double bond character evidenced by a CO bond length 
of 1.337A which is considerably shorter than the value of 1.437 A 
fmeoicG SCF) or 1.474 A (experimental) in methanol.’4 The relaxed 
rotation involves a transition state with a CO bond length of 
1.376 A at a conformation in which the CH and OH bonds are nearly 
orthogonal and lengthening the CO bond is associated with 
destruction of the ® bonding between C and Oo. In 1981, Pau and 
femre measured the enthalpy of formation of trans - 
hydroxymethylene by ion cyclotron double resonance spectroscopy to 
be 54.2 kcal/mol above formaldehyde a value consistent with 
@abculations.’ 

In 1979, Lee and Diem conducted the photolysis of 
formaldehyde in an Ar matrix with matrix ratio (M/R) values 
Baieine trom 1000 to 10,000.'° Infrared absorption (IR) spectra of 
the initial matrix preparations show the matrix isolated monomers 
are exclusively present at very high dilutiuons (M/R of 5000) 
whereas cage dimers and higher multimers are present at lower 
dilutuions. Post photolysis IR spectra indicate that the 
decomposition of formaldehyde is mainly effected with the cage 
dimer and that matrix isolated CH,OH (1033 cm™') and CO as well as 
such aggregates as the cage dimers CH,OH/CO (1040 cm‘) and 
CH,OH/H,CO ( 1048 cm!) were photoproducts. No glycoaldehyde was 


formed in the photolysis of dilute matricies and Lee and Diem 





28 
concluded that it is possible that larger concentrations of higher 
multimers of formaldehyde may play a major role in the formation 
emeguycoaldenyde. Matrix isolated H,CO present after photolysis 
appears to indicate the reversible nature of the hydroxymethylene 
rearrangement in the absence of the matrix reactant. 

In 1980, Kemper, Hoeks, and Buck performed ab initio 
calculations on the reactivity and spectra of formaldehyde isomers 
and dimeric complexes between them.’’ They concluded that 
hydroxymethylene was an ambiphilic carbene which forms complexes 
with formaldehyde that are stabilized by hydrogen bonds. Addition 
products, glycoaldehyde , methanol and CO, and methyl formate were 
postulated to arise froma H,CO“HCOH complexes. Three pathways to 
glycoaldehyde were considered [equation (47)]}]. The first two, 
involving direct C-H insertion and hydrogen abstraction, 
respectively, were expected from carbene chemistry. In the second 
mechanism the carbene initially attacks the hydrogen atom, then 
the two alkyl radicals give C-C bond formation. However, both 
were eliminated by an energy barrier greater than 60 kcal/mol. 
Instead, they found that a pathway incorporating a six-electron 
five-center cyclic transition state possessed the lowest energy 


barrier 6.37 kcal/mol [pathway c of equation (47)]. 
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Peoimilar Six—electron cyclic state involving cis - 
hydroxymethylene was found for the production of methanol and CO. 
Its energy barrier was 10.42 kcal/mol. The barrier to formation 


of methyl formate by C-—H insertion was 35.1 kcal/mol. 
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In 1981, Schaefer and Hoffman proposed the statistical argument 
that hydroxymethylene is twice as likely to be formed via 
dissociative recombination ELOmmEncOu, the lowest energy isomer of 
mEotonated formaldehyde [equation (49)}].’° The dissociative 
recombination process is generally considered important in 
interstellar clouds and they predict that cis and trans 
hydroxymethylene are formed in interstellar clouds via this 
mechanism. Observance of these species will depend upon their 
lifetimes. In addition, their detection will depend upon their 
Sesecrvance first in the laboratory following the precedent that 
the interstellar species found to date have been those whose 


spectroscopic data were well known. 
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F bi Fat acer] ane a 

tmel972Z, Trembly and Kaliaquine reported observation of 
acetylene, carbon monoxide and hydrogen in the reaction of water 
Peete carbon vapor im a high intensity arc reactor.’’ No 
carbohydrate producion was reported. 

However, in 1983, Ahmed, McKee, and Shevlin, reported the 
results of an experimental and theoretical investigation of the 
addition of atomic carbon to water.®® The theoretical study, in 
which all geometries were optimized at the 3-21G level and single 
point calculations were performed at the UMP3/6-31G** level, 
mmagived both *D and “P states of carbon. For C(!D ) 
the process having the lowest activation enthalpy was cleavage of 
Saerortially formed carbon water complex to CO and H, along a 


Slosed shell surface (AH* = 5.2 kcal/mol). 


H 
C +H,0 ——> 06 ——> H-C—0H ——> H,CO (50) 
H 


CO +H, 


Rearrangement of the closed shell carbon water complex to 
Pedroxymetnylene had AB> = 11.6 kcal/mol. In the case of triplet 
carbon the most favorable reaction of the initial carbon water 
complex was dissociation to C and H,O. The AH* for the 
rearrangement of the C(’P )-H,O complex to hydroxymethylene was 
22.8 kcal/mol while the corresponding barrier for an open shell 
Singlet complex was 18.0 kcal/mol. The barrier to rearrangement 


of singlet hydroxymethylene to formaldehyde (38.9 kcal/mol) and 
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that of triplet hydroxymethylene (41.3 kcal/mol) were similar. 
Experimentally, atomic carbon generated from the thermolysis of 
5-diazotetrazole was reacted with water yielding carbon monoxide 
mos) and formaldehyde (2.4%). Addition of O,, a scavenger of 
me Pe) imcreases the CO yield to 53.7% while leaving the 
formaldehyde yield unchanged. Reaction of carbon with Ch eubeoieye: 
produces CO (47%). These results indicate that the state of 
carbon reactive towards water iS a Singlet, in concurrence with 
the calculations. 

In 1984, Ahmed, McKee, and Shevlin reported that 
hydroxymethylene had been produced by the reaction of arc 
generated carbon atoms with water yielding formaldehyde, 
m@ivcoaldehyde, 11, glyceraldehyde, 12, and dihydroxyacetone, 13.* 
Deuterium labeled hydroxymethylene reacted with formaldehyde to 
generate glycoaldehyde which was labled with a deuterium on the 
aldehydic carbon. This result along with theoretical calculations 
uSing MP2/6-31G* indicated that hydroxymethylene reacts with 
formaldehyde via a five-center transition state involving 
nucleophilic attack of the carbene carbon on the aldehydic carbon 
with concurrent transfer of the hydroxyl hydrogen to the carbonyl . 
oxygen. This mechanism is in agreement with that of Buck et al, 
above. Furthermore, theoretical studies of the reaction of 
hydroxymethylene with glycoaldehyde and acetaldehyde indicate that 
the five-center transition state predominates in these systems as 
well. Reaction of hydroxymethylene with glycoaldehyde produces 
glyceraldehyde and dihydroxyacetone, while the acetaldehyde 


reaction results in lactaldehyde, 14, and hydroxyacetone, 15. 
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In addition generation of hydroxymethylene in the presence of 


(Z)-2—butene resulted in the formation of butane indicating that 


hydroxymethylene also behaves as a hydrogen donor. 
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the Formose Reaction 

The formose reaction, which produces a complex mixture of 
Sugars and sugar alcohols (the so-called formose) via the 
base-catalyzed condensation of formaldehyde, is another potential 
means of prebiotic synthesis of carbohydrates. The formose 
reaction was first reported by Butlerow in 1861,°8* and has 
received considerable attention in recent years with regard to the 
prebiotic synthesis of carbohydrates , the microbial utilization 


Sertormose sugars, °2:*4 


and the possible manufacture of edible 
carbohydrates from formaldehyde. The reaction proceeds in aqueous 
Solution, and iS autocatalytic in nature. 

Potentially any base will catalyze the reaction however, the 
reaction employing calcium hydroxide catalyst in aqueous media has 
been the most widely investigated. This reaction is thought to 
meeceed in three distinct steps.°? Initially, an induction period 
is required for generation of a small amount of condensation 
products of C, and C, such as glycoaldehyde, glyceraldehyde, and 
dihydroxyactone. These species are believed to act as catalytic 
agents by complexing with calcium ions, in subsequent steps. 
Formose formation occurs rapidly and the yield of formose sugars 
reaches a maximum at the so-called yellowing point®® at which the 
reaction mixture shows yellow coloration. The third step includes 
the decomposition of the formed formose sugars under the reaction 
Senditions. 

In addition to calcium hydroxide, the formose reaction has 
been catalyzed by other divalent metal bases, such as barium 
hydroxides and lead oxides, and by monovalent bases such as 


eieliiamenydroxide. ° 





SD 
The condensation to sugars occurs in competition with the simple 
Cannizaro reaction of formaldehyde; the latter course was the sole 
initial reaction observable when sodium or lithium hydroxides were 
used.®’ In 1974, Weiss and John proposed CaOH* as the active 
Seeclyeic species in Ca(OH), catalyzed reactions along with a 
unifying mechanism for formose and Cannizarro reactions depicted 


/mimequation (53) .°° 
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Over thirty sugars have been characterized by Mizuno and Weiss as 
meodmcts of the formose reaction.®” Sugar production has been 
nonselective for the most part and both branched-chain and 
straight-chain species have been produced. The toxic formose 
Syrup has been shown to contain aldoses and ketoses ranging from a 
two carbon product (glycoaldehyde) through three, four-, five-, 
Six-, and seven- carbon, and possibly even higher species, formed 


by the general process: ®! 


Ca(OH). 
C77 Rene ——— 7 HOCH (CHO) CHO 


ioecity Of Lhe formose syrup is thought to result from the 
branched chain and L- sugars which are not metabolized. 

Krylov et al observed acceleration of the formose reaction 
and a pronounced shortening of the induction period with the 
addition of glycoaldehyde and glyceraldehyde, the initial products 
of the formaldehyde condensation, to the starting mixture.”* By 
1977, it was accepted that the catalitically active species was 
not the hydroxide of an alkaline earth metal, but its complex with 
Emcarbohydrate. 

Some selectivity was noted by Shigemasa and coworkers, in 
1977, when a high selectivity for a number of sugar alcohols was 
achieved by removal of most of the dissolved calcium ions at the 
minimum reaction time as noted by monitoring oxidation-reduction 


moetential changes during the reaction.* 
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In 1980, these workers reported the selective formation of 
branched chain sugar alcohols achieved by removal of the dissolved 
calcium ions as hardly soluble salts or stable chelates at the end 
of the induction period.?* In 1984, Matsumoto, Yammamoto, and 
Inoue reported the selective formation of triose 
(dihydroxyacetone) by the use of thiazolium salts as the catalyst 
im the formose reaction.” 

The formose sugars have been studied chromatographically 
meamgq cellulose column chromatography,°* paper chromatography” ”’ 
mois citomategrapny of the alditol’® and sugar’?! 
trimethylsilyl derivatives. These methods of analysis were 


considered for use in the study of the reactions of atomic carbon 


with water and higher carbohydrates. 





IIT. RESULTS AND DISCUSSION 


Assuming that hydroxymethylene reactcs with higher order 
carbohydrates as it does with formaldehyde, via a six-electron 
five-center transition state, a mechanism can be conceived of in 
which the four carbon sugars; erythrose and threose, the five 
carbon sugars; arabinose, lyxose, ribose, and xylose, and 
potentially the six carbon sugars, among these the ubiquitous 
glucose could be produced (Scheme 1). 

The biological significance of D-ribose and D-glucose 
stimulated intellectual curiosity and thereby provided the impetus 
for the major goals of this research. These were to determine 
which, if any, higher order carbohydrates were produced in the 
reaction of atomic carbon with water. This information would 
coincidently provide invaluable clues for the elucidation of one 
type of reaction of hydroxymethylene. 

A complex mixture of carbohydrates, possibly comprised of both 
Sugars and sugar alcohols, was expected from the reaction of 
atomic carbon with water. Efforts were directed solely towards 
identification of any aldoses primarily to test the proposed 
mechanism involving hydroxymethylene addition to the carbonyl 
group of aldoses via a five-center six-electron transition state 


as proposed by Ahmed, McKee, and Shevlin.®! 
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The inherent low volatility of sugars rendered conversion of 
the reaction products to trimethylsilylated oxime (Oxime-TMS) 
derivatives followed by analysis via gas chromatography and mass 
spectrometry as the most approriate method for separation and 
identification of the generated monosaccharides.!°! The general 
mechanism for oxime formation is represented in equation (54). 
\7 yy Hfi-on _ 


pees le 
a i se —-C —N-—-OH 
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The Finnegan-MAT Ion Trap Detector coupled to a Varian 400 
gas chromatograph was utilized extensively during the research. 
Because of the small concentrations of carbohydrates expected, 
capillary colums were employed in the gas chromatograph to 
separate the compounds. The compounds then passed through the Ion 
Trap Detector which produced a chromatogram and performed mass 
sprectral analyses by electronic ionization, a technique similar 
to chemical ionization in a conventional mass spectrometer. 

During the course of the research, erythrose and threose were 


synthesized from glucose and galactose by the following 


schemes , 1092-103 
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Scheme 2 
Ethylidene—D— Ethylidene—D— 
Glucose—_» 
Glucose Erythrose —~ Erythrose 
Scheme 3 
Ethylidene~D— 
Galactose Threose 


The detailed procedure of the synthesis and the resultant 
spectroscopic data are provided in the experimental section of the 
thesis. The proton NMR spectra of the products and intermediates 
are quite complicated, and the positions of all peaks (ppm) were 
Simply listed with the corresponding intensities. 

Standard solutions of the monosaccharides and sugar alcohols 
were prepared, and portions of these were converted to Oxime-TMS 
derivatives. The initial analysis were performed on a 
Charisil-III capillary column which was designed to separate D- 
and L- amino acids. The majority of the separations were 
eaecomplished with a DB-5, 30 m, 0.25 cm i.d., fused silica 
Capillary column. Two peaks were expected in the chromatogram for 
each sugar because Oxime-TMS derivatives form syn and anti 
SEructures which have different elution times.'°* These structures 
also possess slightly different mass spectra. The syn isomer was 
expected to be the larger peak because it appears to be more 
Stable from a stereochemical viewpoint with both bulky groups 


being on the opposite sides of the oxime double bond. 
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This peak was also expected to show a large M-15 fragment ion in 
the mass spectra because of the accessibility of the N-OTMS methyl 
groups to cleavage. Only the D- form of the monosaccharides were 
utilized in the reseach because of their biological significance. 
However, potentially four peaks could be observed on the Charasil 
column because of the presence of L- monosaccharides as an 


impurity. Expected mass spectral fragmentations were as follows. 
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Glyceraldehyde 
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Oxime derivatives were prepared by a method similar to that 
introduced by Sweeley, Bentley, Makita, and Wells.?!°! 
Hydroxylamine hydrochloride (200 mg) was added to an aqueous 
Belution Of either a sugar, sugar alcohol, or reaction products. 
The sugar alcohols do not form oxime derivatives, but were 
potential products of a reaction and were therefore derivatized in 
this fashion for consistency. This solution was heated under 


Poecuumeatee) CG tor 1-1.5 hours and then evaporated to dryness on 
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a rotory evaporator. The dried oxime was then dissolved in 1.0 ml 
pyridine and transferred to a small septum covered vial. The vial 
was placed under vacuum and the solution was trimethylsilylated by 
addition of 0.5 ml hexamethyldisilizane and 0.25 ml 
chlorotrimethylsilane. Trimethylsilylation occured almost 
immediately and was accompanied by the formation of a white 
precipitate, ammomium chloride, which gave no interference to 
Subsequent analysis. The contents of vial were then placed under 
N, pressure. The inert atmosphere combined with the excess 
trimethylsilylating reagents prevented water accumulation and 
PeeemoOsit1on Of the derivatives for periods up to nine months. 

The resulting Oxime-TMS derivative was then analyzed by gas 
chromatography/mass spectroscopy. Because the DB-5 capillary 
column was employed for separation of the compounds during the 
majority of the research only retention times and mass spectral 
data from that source are reported in the experimental section of 
this thesis. 

maewtypical elution order Erom the DB-5 capillary column, 
uSing a constant temperature of 50°C for one minute follwed by a 
5°C per minute heatup rate, is presented in the following 
tabulation. Detailed gas chromatography/mass spectral data is 
provided in the experimental section of the thesis. 

All Oxime-TMS derivatives were apparently acyclic as evidenced 
by the presence of two peaks in the chromatogram indicating the 
formation of both syn and anti isomers as expected. The first 
peak eluted usually contained the parent ion (M) or (Mtl) as a 
dominant fragment ion. The second larger peak contained a 


fragment ion corresponding to the parent ion minus fifteen mass 
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moots (M-15) formed by the well known loss of a silicon linked 
methyl group.This indicates that the major isomer was syn with 
both bulky groups on opposite sides of the C-N double bond, and it 
is the second isomer to elute. In addition, the syn isomer shows 
a tendancy to loose a methyl group and give a M-15 peak in the 
mass spectra. 
tables 


Elution Order of the Aldose Sugars 


Retention Time 


Sugar Peak (sec) relative 
Glycoaldehyde il 641 ORS 0699 
Glycoaldehyde Z 662 0251705 
Glycoaldehyde 5 679 O25 19 
Glyceraldehyde 1 OSs 052490 
Glyceraldehyde Z EL E6 0.55364 
Dihydroxyacetone 1 iSO O5507% 
Erythrose 1 F435 OF65726 
Erythrose Z 1451 0.69492 
Threose i 1460 Oro 9923 
Erythrose 3 1486 Oey 163 
Threose 2 1495 Oy 1599 
Lyxose 1 1744 U8 S52 5 
Xylose il 730 ORs all 
Ly xose 2 1 SiG 0.84099 
Xylose 2 ioe 0.84099 
Arabinose 1 59 0.84243 
Arabinose Z 1764 0.84483 
Ribose i} 1787 0235564 
Ribose 2 1790 Oe 35727 
Mannose 1 2050 0.98180 
Mannose Z 2088 1.00000 


The identification of the particular aldoses was confirmed by 
the mass spectral data. In addition to the anticipated major 
ions, some ions were observed which were common to all of the 
meses Gti culariy, m/e 73 which corresponds to a TMS group 
and m/e 147 which corresponds to a TMS dimer. Other fragments 


which can be lost are OTMS (m/e 89) and trimethylsilanol, 
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TMSOH, (m/e 90). In addition, the fragmented ions ( F ) were prone 
to participate in ion molecule reactions, especially with hydrogen 
ions to give F-1 and F+l. Rearrangements have also been observed 
to be common in trimethylsilyl ethers of carbohydrates.1°% The 


major fragment ions are listed below: 


Glycoaldehyde: 

Peakl; m/e 713, 61.40%; m/e 103, 84.46%; m/e 147, 100%; m/e 204, 
meioc, m/e 220, 14,54%. 

Peak 2: m/e 73, 62.76%; m/e 103, 100%; m/e 147, 68.37%; m/e 204, 
Meme ss; m/e 220, 231.17%. 

Glyceraldehyde: 

meak tl: m/e 713, 14.84%; m/e 103, 65.29%; m/e 117, 28.34%; m/e 147, 
30.25%; m/e 205, 12.74%; m/e 321, 11.153. 

Peak 2: m/e 73, 91.39%; m/e 103, 57.68%; m/e 117, 25.09%; m/e 147, 
eeerooe; m/e 205,48.69%; m/e 221, 38.20%; m/e 306, 84.27%; m/e 321, 
Memos; m/e 322, 15.73%. 

Pre ycLnrose: 

Peak 1: m/e 73, 24.44%; m/e 103, 50.00%; m/e 117, 68.89%; m/e 147, 
mI0s; m/e 320, 50.00%; m/e 423, 7.78%. 

Peak 2: m/e 73, 79.41%; m/e 103, 100%; m/e 117, 61.76%; m/e 147, 
meres m/e 217, 41.18%; m/e 320, 7.84%; m/e 408, 47.06%. 

Threose: 

tole enya, SS. l0%; m/e 103, 100%; m/e 117, 85.71%; m/e 147, 
Pie 9s- m/e 217, 52.38%; mZe 424, 5.71%. 

ete niy7 a 7s, 67.25%; m/e 103, 100%; m/é 117, 53.92%; m/e 147, 
Smo s ame 27, 50.00%; m/e 319, 11.76%; m/e 408, 77.45%; m/e 


424, 5.58%. 
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Arabinose: 
memes m/e 73, 22.12%; m/e 103, 100%; m/e 117, 25.00%; m/e 147, 


Bees, m/e 217, 9.62%; m/e 307, 31.73%; m/e 320, 18.27%; m/e 510, 


Peak 2: m/e 73, 9.09%; m/e 103, 100%; m/e 147, 9.00%; m/e 307, 
S2.006; m/e 320, 42.93%; m/e 525, 7.58%. 

my xOSe ° 

meak 1: m/e 73, 10.00%; m/e 103, 100%; m/e 147, 9.00%; m/e 307, 
99.00%; m/e 320, 77.00%; m/e 525, 34.00%. 

meek 2: m/e 73, 16.30%; m/e 103, 100%; m/e 117, 8.89%; m/e 147, 
ime o; m/e 217, 11.85%; m/e 307, 50.37%; m/e 320, 38.52%; m/e 
mimeo. 89%; m/e 525, 11.85%. 

Ribose: 

Peak 1: m/e 73, 7.94%; m/e 103, 100%; m/e 117, 4.08%; m/e 147, 
mas; m/e 217, 5.90%; m/e 307, 19.27%; m/e 320, 23.58%: m/e 525, 
14.06%. 

Peak 2: m/e 73, 14.91%: m/e 103, 100%; m/e 117, 10.30%; m/e 147, 
ieeOls; m/e 217, 4.61%; m/e 307, 7.86%; m/e 320, 6.787%; m/e 510, 
Meio; m/e 525, 2.44%. 

Pay LOSe ; 

Meas ls: m/e 73, 6.43%; m/e 103, 100%; m/e 117, 3.04%; m/e 147, 
Bobs, m/e 217, 6.25%; m/e 307, 6.43%; m/e 308, 15.18%; m/e 320, 
20.71%; m/e 525, 6.43%. 

ween e 7s, 13.18%; m/e 103, 100%> "m/e 117, 9.04%; m/e 147, 
immo cem/e 2l7).4.65%- m/e 307, 10.34%; m/e 320, 10.34%; m/e 510, 


Seoo6, m/e 525, 4.13%. 
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Dihydroxyacetone: 


Peak 1: m/e 713, 100%; m/e 103, 89.99%; m/e 114, 1.12%; m/e 147, 


fees m/e 202, 14.33%? m/e 203, 6.24%; m/e 221, 0.61%; m/e 306; 


imma is; m/e 321, 2.02%. 


Suprisingly, a third peak which possessed a molecular weight 


Of M+t73 was occaSionally noted in the chromatograms of the 


Oxime-TMS derivatives. This was particularly true in the case of 
erythrose and threose. The following structure was proposed as an 
explanation. 

WMS 


HC—-N——OTMS 
C——OTMS 
OCS 


1 


HC——OTMS 


This species most likely results from excess hydroxylamine 
hydrochloride which acidifies the solution allowing for 
protonation of the oxime nitrogen. The proton is replaced by a 
TMS (m/e 73) group upon trimethylsilylation . Further evidence 
supporting the existence of these species were the presence of m/e 
189 and m/e 292 as dominant fragment ions in the mass spectra 


which correspond to the following fragments. 


ol 


292 bert rrr cern [ence crc n cree nn enn-- 


( HC——OTMS ) 
n-1 


H——OTMS 


Analysis of the Oxime-~TMS derivatives of the sugar standards 
revealed that glyceraldehyde and dihydroxyacetone could not be 
separated. Glyceraldehyde gives two peaks the second of which 
elutes simultaneously with the lone peak of dihydroxyacetone. 
Thus glyceraldehyde could be quantitated from the first peak 
eueonme.  Erythrose and threose could be completely separated even 
though they possess very similar fragment ions. Erythrose usually 
eluted in three peaks in the chromatograms of the sugar standard 
and reaction products. The five carbon aldoses, arabinose, 
lyxose, and xylose were only partially separable. Ribose was 
completely separable from the others as it was among the last set 
Of pentose peaks eluted. Usually, only five separate peaks were 
observed, but separation of these compounds into six and sometimes 
seven peaks could be achieved by diluting the samples. 

Atomic carbon was initially reacted with 1.0 mol of water. 
The yields from these and other reactions conducted are listed in 
Table 2, and the mean values along with standard deviations are 
summarized in Table 3. The actual standardized yields for these 


reactions were glycoaldehyde (0.0611 + 0.0194 mmol), 





a2 
glyceraldehyde (0.0133 + 0.0064 mmol), erythrose (0.0085 + 0.0070 
mmol), and threose (0.0079 + 0.0068 mmol) were observed among the 
reaction products. The amount of dihydroxyacetone was not 
calculated because of its inseparability from the second peak of 
glyceraldehyde. The pentoses were present in trace amounts. This 
was indicated by the presence of small peaks in the chromatogram 
corresponding to the retention times of the pentoses. But the 
concentration of the sugars was apparently too low to give totally 
conclusive mass spectral data in all samples. MajOr sronssnoted 


from mass spectral data of a typical run follow: 


Glycoaldehyde 

ea kk Ret eam Len Lime (Sec) 
il 653-680 
2 685-702 


Peak i: m/e 73, 100%; m/e 103, 27.21%; m/e 115, 1.28%; m/e 116, 
meee m/e 117, 3.35%; m/e 147, 28.38%; m/e 204, 0.53%; m/e 205, 


mous, m/e 219, 0.43%; m/e 220, 2.45%; m/e 221, 3.41%; m/e 222, 


Peak 2: m/e 73, 100%; m/e 103,31.99%; m/e 116, 2.71%; m/e 117, 
Mee oem7e 11S, 1.43%; m/e 147, 22.08%; m/e 204, 23.07%; m/e 205, 
pecOu,. m7e 218, 0.74%; m/e 219, 0.54%; m/e 220, 5.13%; m/e 221, 


imelcss m/e 222, 0.44%. 





53 


Glyceraldehyde 

Beak Revent ton mime (Sec) 

1 OSs — 097 

Z rs 5—-1164 

feet: m/e 73, 100%; m/e 103, 30.73%; m/e 114, 0.56%; m/e 117, 
peo Ls: m/e 147, 9.73%; m/e 205, 0.72%: m/e 218, 0.88%; m/e 
Semmes .4/s5; mfe 322, 2.49%; m/e 323, 0.80%. 

Peak 2: m/e 713, 100%; m/e 103; 24.60%; m/e 116, 1.04%; m/e 117, 
Pees; m/e 118,1.67%; m/e 147, 14.51%; m/e 218, 1.18%; m/e 221, 
Be; MZewS UG, Oawlss, me 321, 3.27%; m/e 322, 2.08%. 
Erythrose 

Peak Retention Time (Sec) 

1 1421-1435 

iz 1437-1447 

S 1470-1480 

Peak 1: m/e 73, 100%; m/e LOS eto lseem/e Vi4 3.412 “m/e 115, 
fees m/e 116, 4.82%; m/e 117, 6.63%; m/e 118, 2.21%; m/e 147, 
mein, m/e 320, 8.23%; m/e 336; 1.20%; m/e 423, 7.43%; m/e 424, 
ZO. 

Peak 2: m/e 73, 100%; m/e 103, 40.58%; m/e 117, 34.50%; m/e 118, 
eee mye 147, 53.67%; m/e 205, 7.67%: m/e 217, 4.15%; m/e 219, 
eeeoos, m/e 320, 7.03%; m/e 321, 4.15%. 

ato em, eC 7s, LO0s; m/e 103, 63.50%; m/e 116, 4.10%; m/e 117, 
imeeoc. ive tq, 18.l4%; m/e 205, 2.38%; m/e 320, 16.85%; m/e 333, 
Beo0s; m/e 423, 6.26%. 





Threose 
Beak 
ill 


2 


Peak 1: m/e 73, 100%; 
11.453; m/e 147, 18.14%; 


ioeo5s; m/e 333, 5.40 


Peak 2: m/e 73, 100%; 


memes; m/e 217, 1.33 


meeic; m/e 423, 1.33%. 


Pentoses 
Peak 


il 


Peak 1: m/e 73, 100%; 
Pemsoos;, m/e 147, 28.10%; m/e 217, 


meas; m/e 321, 16.19%; 


Peak 2: m/e 73, 47.693; 
6.54%; m/e 147, 10.053; 


eeeeos; | 6m/e 307, 15.47%; 


ieeces; m/e 525, 6.38 


Beak So; m/e 73, 60.62%; 
imaslose; m/e 217, 10.76%; 


Mere 0s,1 m/e 320, 10.20%; 


65.503; 
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£0n Ti 
1446-1458 
nao 2—-la95 
m/e 116, 4.10%; m/e 117, 
2.16%; m/e 205, 2.38%; m/e 320, 


1.30%; m/e 423, 6.26%. 


PS 04s erie. 19.085 om/el47, 


2.65%; m/e 320, 1.99%; m/e 408, 


Retention Time (Sec) 
1730-1740 
1746-1754 


ie Sonl76s 


2o Os me koe 90%; Tm/e 117, 


Soe ony eec24,. 2.58%; m/e 305, 


Meo, ne eorO, 6.19%; m/e 525, 


100%; m/e 116, 1.44%; m/e 117, 
Oeste em7e 218, 12.91%; m/e 306, 


Ueeleteenyeese ll, 2.87%; m/e-510, 


LOC wermecoll7,, 10,20%29 m/e 147, 
Segue omer s0o, 2.83%;  m7e 307, 


3.12%; m/e 526, 9.63%. 





Reactants Run 
C + iE 
H,O (20m1) Z 
5 
e+ 
BE© (5m1) 
3 
C + 1 
DO 2 
S 
4 
5 
6 
7 
ee HCO 1 
HO 
ee HCO i 
0 2 


Actual Reaction Yields in mmol Units. 


t 


oe 
QO. 
Oe 


a 
04181 
06092 
08066 


.04481 


0202509 


OO "O. O° 2 2 © © 


© 


.06818 


pO oa 
Ue Oly 
V6573 
.04010 
2097325 
wooo? D 
BOS ol 


.06882 


0.04966 
0.00944 


0.02445 


wUZ2949 
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ea lodse see 


02048 
00845 
01087 


O007 63 
0700962 


oo. eo. OO) & 2 © =) 


= 


OO Tes 2 


s02o51 
Oo 
Se Zz 
wo 6 
OZ eZ 
2017 oo 
ORE Z GAZ 


CARS) 


O00 210 
0.00207 


00323 
a0 S32 


Ce 


0 


Cs 


Gulynoleies lela eivols lSpeataclepqerst= 
Ol; 
On 
Oz 


CnC 0'S 
OO1LSS 
00243 


0200508 
0.00456 


© 


o.- @- © CG © @ © 


ws oul 


.00724 
e035 
BOOS 31 
O0olL 
BOOZ IG 
.00403 
OOS 27 


oC EOMIENS 


FOC 131 


OO O0sZ 
0.01014 


Alivasolel= 
QO. 
Oc 
Os 


01640 
V0 359 
COs? 


.00924 


0.00449 


© 


So 2 O° @ 2a @ © 


.00484 


sOA0cK0 
=OU'G iS 
s0Ua US 
.00304 
700s Js 
.00489 
200397 


00350 


SOO 740 


OOS 
700672 


Reactants Glycoaldehyde Glyceraldehyde Erythrose 

C + OPO Cree OOo 4 more O So oe W064 0. 005520 -0070 
H,O (20m1) 

C + O04 7 020 - Oz BOOS 2220) 0012 -00452020006 
oO oml) 

4 e+ 0-063920.0128 POLO. 005s POO Sy tOm00 3 7 
D,O 

SeeejCO 0.042640.0303 .005840.0063 005700063 
1a se 

ea CO O02 70200036 ees Oren O) la .0067+0.0049 
#50 

C + O20 59270 20161 PO1 aE Om 0016 1 MOUS sO SS 
H,0/D,0O 

eet HCO Oe 0s 6401.02 31 / 007 9220000 7 SOO Clee. 0042 


i / DO 
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Table 3 


Standardized Reaction Yields 


Threose 


Oo Cg 2207 


OR d062 20) 


0.005420. 


OF 007 60", 


O- 003920 


OS006Ux0- 


Dee 06220 


0068 


20026 


V0Z> 


0004 


.0040 


0039 


0032 
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In an effort to conduct a realistic analysis of the data the 
yields of each aldose with respect to glycoaldehyde were 
calcutated and tabulated in Table 4 for all reactions. The mean 
values and the standard deviations were calculated and summarized 
in Table 5. The standardized relative yields for reactions of 
carbon with 1 mol of water were glycoaldehyde (1.0000), 
glyceraldehyde (0.2544 + 0.2039), erythrose (0.1011 + 0.1207), and 
mareose (0.1583 = 0.2035). 

For a given amount of carbon atoms, larger concentrations of 
water may promote the formation of hydroxymethylene. Since 
formation of higher order carbohydrates depends upon 
hydroxymethylene's rearrangement to formaldehyde and subsequent 
reaction of the formaldehyde with additional molecules of 
hydroxymethylene the yields of all aldoses were expected to be 
higher when compared to yields from reactions employing smaller 
concentrations of water. In an effort to determine the effect of 
water concentration on the yield of carbohydrates reactions were 


performed using 280 mmol of water. 
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Table 4 


Yields of Reaction Products Relative to Glycoaldehyde. 


Perea ge oe Rune GlycOalcenvde Glvceraldehyde Erythrose Threose 


cC + 1 1.0000 0.48981 0.24037 0.39231 

H,O(20m1) 2 1.0000 0.13868 0.03272 0.05899 

3 1.0000 0.13475 0.03009 0.02348 

C + 1 1.0000 0.17034 0.11346 0.20618 

HO (5m1) 1.0000 0.34240 0.16246 0.15974 

Sean 00 0.10743 0.05594 0.07109 

C + 1 1.0000 0.37022 0.09139 0.13511 

D,0 2 1.0000 0.24777 0.18971 0.08771 

3 1.0000 0.21838 0.05194 0.04773 

4 1.0000 0.38560 0.15228 0.09890 

5 1.0000 0.17369 0.04043 0.05415 

6 1.0000 0.30378 0.06870 0.08338 

cone 0.21016 0.05404 0.06551 

C+H,cO 1 1.0000 0.19130 0.14768 0.11777 
+H,O 1.0000 0.04223 - - 

1.0000 0.21942 0.13871 0.79355 

C + H,CO 1.0000 0.13404 0.01304 0.04199 

+D,0 2 1.0000 0.63824 0.34385 0.22789 
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Table 5 


Standardized Relative Yields 


meactants Glycoaldehyde Glyceraldehvde Ervthrose 

Cc + i010 00 Oe cao ZO0So OL OL TEO RI Z06G 
© (20m1) 

C + 1.0000 On 206707126 eldOiG20 70533 
HO (5m1) 

© + lee O Oe O22 729050022 .0926+0569 
D,O 

fee HCO |=. 0000 O15 10E0 201952 LES eu) (OO ere) 
+H,O 

ea 11,00 0 0100 O23 86125072565 .1784240 .2339 
+D,O0 

C + 1.0000 C5255 5250.1 16 Sau ot==thOlO 7 7 
H,0/D,0 

Seco 861.0000 OmnZ SUE 2 od mG O S01 S66 


+ H,O/D,0 


Threose 
Oper Soc 


0.145720 


OOS 1 e207 


05455720 


Os 4ox 


Om 1a 2-0) 


O29 53208 


Bao. 


.0686 


UZ99 


24703 


oS Ge 


20.98 3 


3408 
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In these reactions glycoaldehyde ( 0.0470 + 0.0201 mmol), 
glyceraldehyde (0.0082 + 0.0012 mmol), erythrose (0.0045 + 0.0006 
mmol), and threose (0.0062 + 0.0026 mmol) were observed. Small 
traces of pentoses were present but again only in trace amounts. 
The yield of carbohydrates did not decrease noticably with the 
agecrease of water concentration, indicating that excess water 
concentration had no effect on the yield of reaction. The yields 
of each aldose with respect to glycoaldehyde were very close to 
those obtained from the reactions using 1 mol of water. These 
were glycoaldehyde (1.0000), glyceraldehyde ( 0.2067 + 0.1216), 
Sm@earose ( 0.1106 =0.0533 ), and threose (0.1457 = 0.0686 ). 

If hydroxylmethylene rearranges to formaldehyde as postulated 
in the mechanism for aldose formation, then addition of 
formaldehyde to the reaction mixture should increase the yield of 
higher order aldoses as compared to yields from the reactions of 
carbon and water. Reactions of carbon with water, and 
formaldehyde were performed using 0.3-0.5 g paraformaldehyde which 
was thermally heated to 120°C to vaporize the formaldehyde into 
the reactor. The actual standardized yields were glycoaldehyde 
(0.0426 40.0303 mmol), glyceraldehyde (0.0058 + 0.0064 mmol), 
erythrose ( 0.0057 + 0.0063 mmol), and threose (0.0078 + 0.0004 
mmol). Even though the actual yields appear to decrease the 
product yields of all aldoses increased relative to glycoaldehyde 
providing evidence to support the hydroxymethylene's rearrangement 
to formaldehyde. Subsequent addition of hydroxymethylene formed 
aldoses. The standardized relative yields were glycoaldehyde 
(1.0000), glyceraldehyde (0.1510 + 0.0952), erythrose (0.1432 £ 


UaC@esi and threose (0.4557 = 0.4778) . 





ou 

To confirm the the role of hydroxymethylene in the proposed 
mechanism, reactions of atomic carbon with deuterium oxide were 
considered. These reactions should produce deuterated 
hydroxymethylene and subsequently fully deuterated carbohydrates. 
Although, the retention times of these compounds should be the 
Same as their undeuterated counterparts, the mass spectra of the 
compounds should be different. Expected mass spectral fragments 


for the deuterated aldsoses follow: 


OTMS | 
Glycoaldehyde 1 , i W292? 
DC-—— CD, 
117} 105 
Glyceraldehyde Y ae 1 ee 
pbc-——_+-CD —+— CD, MW= 325 
Oo oS 
220 ce 


eeeee vrexnwwvwoeeceweweweewewewere2ewe2ez ew2ee2ewee2e2e2e2e2 = = 
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: ey 
OTMS : N  { OTMS 
Dihydroxyacetone at 3 | : . 
EOS 3 115 3 105 ive 
105} 220 


Reactions were conducted with 290 mmol deuterium oxide. Fully 
deuterated glycoaldehyde (0.0639 + 0.0128 mmol), glyceraldehyde 
meeol70 = 0.0058 mmol), erythrose (0.0057 = 0.0037 mmol), and 
threose (0.0054 + 0.0025 mmol) were observed. Yields with respect 
to glycoaldehyde were similar to those resulting from the 
reactions of carbon with water. They were glycoaldehyde (1.0000), 
glyceraldehyde (0.2728 + 0.0822), erythrose (0.0926 + 0.0569), and 
threose (0.0818 + 0.0299). Observed mass spectral data from a 


typical run are listed below. 


Glycoaldehyde 

Peak Retention Time (Sec) 
i 668=692 

2 6233-70 


Peel m/e 73, 100%; m7fe 103,6.54%; m/e 105, 25.76%: m/e 117, 
Beo>s ame 118, 1.49%; m/e 119, 1.49%; m/e 147, 34.34%: m/e 207, 
eos mmse 200, 0.78%; m/e 221, 2.20%; myerw2Z2s, 683° m/e 224, 


Oe o « 
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Peak 2: tee ome oveaem/e WOS-6S0.02%> m/e 116, 1.07%; m/e 117, 
bets; m/e 118, 1.53%, m/e 119, Pooa- meme i120. e077) m/erlAa 7, 
meeoos; m/e 207, 22.48%; m/e 208, 4.00%; m/e 209, 1.07%; m/e 223, 
mew ie; m7e 224, 3.47%. 
Glyceraldehyde 
Peak eee ese) ieee nee er) 
1 HOS eos 
Z eA Ones ' 
Beak 1:m/e 73, 100%; m/e 103, 14.99%; m/e 105, 28.11%; m/e 120, 
Smoos, m/e 147, 9.643; m/e 202, 1.34%; m/e 220,1.47%; m/e 325, 
Bee4%;m/e 326,3.48%. 
meade 2: m/e 73, 100%; m/e 105, 22.92%; m/e 119, 0.61%; m/e 120, 
emolo, m/e 147, 16.87%; m/e 202, 0.69%; m/e 208, 3.25%; m/e 
Pea 5os, m/e 221, 5.19%; m/e 222, 1.38%; m/e 310, 3.20%; 
fewoc5, 1.47; m/e 326, 1.90%. 
Beythrose 
Peak Retention Time (Sec) 

A 1427-1440 

2 1443-1449 

S 1476-1484 
Beciemloem/e 73, LO0s; m/e 105, 78.87%; m/e 116, 4.33%; m/e 119, 
pew pee l47 14.44%; m/e 204, 2.82%; m/e 323,15.14%; m/e 324, 
Beene 428, 14.44%; m/e 429, 4.58%. 








Go 


mera) m7e.7o, t0UO0ss m7e 105, 34.25%; m/e 120, 27.40%; m/e 147, 
Pee oo, m/e 323, 20.55%. 

meee s m/e 73, 100%; m/e 103, 13.64%; m/e 105, 19.70%; m/e 120, 
moe os; m/e 147, 50.76%; m/e 323, 7.5%. 

ieee Ose 

Peak Retention Time (Sec) 

i 1453-1465 

2 1488-1497 

meek 1: m/e 73, 100%; m/e 103, 8.20%; m/e 105, 73.77%; m/e 116, 
meios, m/e 119, 3.69%; m/e 120, 6.15%; m/e 147, 24.18%; m/e 251, 
EmGo9s;, m/e 323, 25.41%; m/e 324, 5.94%; m/e 428, 9.843%. 

Bea 2: m/e 713, 100%; m/e 103, 6.08%; m/e 105, 21.55%; m/e 120, 
mem0264, m/e 147, 39.78%; m/e 222, 4.42%; m/e 323, 10.50%; m/e 428, 
We 18%. 

Eemitoses 

Peak Retention Time (Sec) 

1 ipo) 26 

2 ie o0— by So 

3 1737-1747 

4 hy Sey 

2 Poli? oz 

6 1764-1768 

i 7 Si— 1736 
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Beak 1: m/e 73, 100%; m/e 105, 30.56%; m/e 147, 25.00%; m/e 531, 
oat 1s. 
Peak 2: m/e 73, 100%: m/e 105, 41.18%; m/e 325, 38.24%. 
mek 5S: m/e 73, 100%; m/e 105, 36.96%; m/e 120, 26.09%; m/e 147, 
BO,00%; m/e 531, 26.09%. 
Beak 4: m/e 73, 100%; m/e 105, 35.79%: m/e 147, 25.00%; m/e 308, 
in o0%. 
Peak 5: m/e 73, 100%; m/e 105, 35.29%; m/e 452, 32.35%. 
Peak 6: m/e 73, 81.25%; m/e 75, 100%; m/e 103, 68.75%; m/e 105, 
woelst; m/e 256, 18.75%: m/e 331, 15.633. 
Peak 7: m/e 713, 73.08%; m/e 75, 100%; m/e 105, 46.15%; m/e 516, 


m0 8s . 


Reaction of atomic carbon with deuterium oxide (290 mmol) and 
formaldehyde (0.3-0.5 g) was also expected to increase the yields 
of higher order carbohydrates relative to glycoaldehyde. However, 
the molecular weights of the compounds produced were expected to 
be two mass units smaller than those produced from the carbon and 
deuterium oxide reactions because the protiated formaldehyde was 


used as exemplified in equation (55). 


H H H 


<a So 


The major fragments expected from Oxime-TMS derivatives of these 


compounds are shown below: 
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Glycoaldehyde 


eeeeeeee «@ «feo ola oe ee = 2 


Glyceraldehyde 


= 75 


MW 


220 








= 426 


MW 


4 Carbon 
Aldose 


206 


Eoo 


oe une eewreweew = = 


220 


S22 


—e @geeeeeeewe = = fs @ eke we we ee ee wee eeeee2e e222 = = 
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OTS | , | 
SCarbon N } OTMS : OTMS :} OTMS :OTMS 
Aldose || : | 3 ! | 
pe——+— Cp —+—cD ——CD —+Ch, 
le OS en OS ae mn OS ma OS 
220 ! 309 
eee. meena mma = pee. N= 29 
iia a\2 
323 3 206 
425 | 103 


miecoaldehyde ( 0.0270 + 0.0036 mmol), glyceraldehyde ( 0.0110 = 
weold0 mmol), erythrose ( 0.0067 £ 0.0049 mmol), and threose 
(0.0039 + 0.0040 mmol) were observed. The relative yields of 
higher order carbohydrates did increase with respect to 
glycoaldehyde giving results close to those from reaction of 
carbon with water and formaldehyde. The results were 
glycoaldehyde (1.0000), glyceraldehyde (0.3861 + 0.3565), 


eevehrose (0.1784 £ 0.2339), and threose ( 0.1349 + 0.1314). 


Observed Mass Spectral Data from a typical run follow: 


Glycoaldehyde 
Peak Retention Time (Sec) 
il 670-688 


2 Ooi =H Ol 


a 





69 
Peis m/e 73, 100%; m/e 103, 10.86%; m/e 105, 5.15%; m/e 117, 
ceu2a, m/e 147, 62.67%; m/e 205, 1.62%; m/e 207, 1.57%: m/e 219, 
Mesos; m/e 220, 1.96%; m/e 221, 1.85%; m/e 222. 0.78%. 
Peak 2: m/e 73, 100%; m/e 103, 28.65%; m/e 105, 7.15%; m/e 116, 
Moto, m/e 1l7, 3.32%; m/e 119, 2.80%; m/e 147, 72,44%; m/e 204, 
Syeeva; m/e 205, 4.04%; m7e 206, 1.09%; m/e 207, 0.78%; m/e 220, 


feces; m/e 221, 1.24%; m/e 222, 0.73%. 


eiyceraldehyde 

Peak niet im 
i HOS 2-11.07 

Z We PILI: 


mea ts m/e 713, 100%; m/e 103, 55.74%; m/e 105, 17.26%; m/e 117, 
3.90%; m/e 118, 1.46%; m/e 119, 1.46%; m/e 147, 19.75%; m/e 202, 
imvas, m/e 205, 0.60%; m/e 219, 0.49%; m/e 220, 0.81%; m/e 321, 
ewes m/e 322, 1.41%; m/e 324, 0.65%; m/e 325, 0.70;%; m/e 326, 
0.43%; m/e 327, 0.43%. Peak 2: m/e 73, 100%; m/e 103, 43.74%; 
PpemlOS, 20.84%; m/e 117, 3.21%; m/e 118, 2.20%; m/e 119, 1.73%; 
ela, 16.16%; m/e 205, 0.58%; m/e 206, 0.83%; m/e 207, 0.503%; 
fee o l,l 2%; m7e 218, 0.69%; m7e 220, 1.26%; m/e 221, 3.43%; 
Wem e0G,) ©.54%, m/e 307, 0.50%; m/e 308, 0.61%; m/e 309, 0.32%; 
PeeemolOre 1.265; m/e 321, 0.61%; m/e 322, 0.50%; m/e 323, 0.58%; 


myeno24, 0.72%; m/e 325, 1.05%. 
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be yenrose 

Peak Ree ai Donets) Meee en 

il 1428-1444 

2 1446-1456 

3 1478-1480 

Beak 1: m/e 73, 100%; m/e 103, 86.12%; m/e 105, 35.19%; m/e 116, 
mmecos, m/e 117, 9.42%; m/e 118, 4.69%: m/e 119, 1.86%; m/e 120, 
moa m/e 147, 32.71%; m/e 202, 2.85%; m/e 205, 1.12%; m/e 221, 
fogs; m/e 320, 1.98%; m/e 321, 1.49%; m/e 322 1.12%; m/e 411, 
0.743; m/e 423, 1.61%; m/e 424, 1.49%; m/e 426, 0.99% 

Peak 2: m/e 73, 100%; m/e 103, 59.23%; m/e 105, 9.58%; m/e 116, 
yest; m/e 117, 2.10%; m/e 118, 1.87%; m/e 119, 1.64%; m/e 120, 
e766, m/e 147, 35.63%; m/e 204, 2.22%; m/e 206, 0.82%; m/e 208, 
imeot, m/e 216, 2.92%; m/e 320, 9.81%; m/e 321, 3.86%; m/e 322, 
io9on; m/e 323, 1.64%; m/e 424, 0.70%. 

Peak so; m/e 1/3, 86.55%; m/e 103, 41. 82%; m/e 105, 10.55%; m/e 
mages 2.30%; m/e 118. 21.82%; m/e 119, 8.73%; m/e 120, 8.00%; m/e 
igen 100%; m/e 205, 71.27%; m/e 206, 5.09%; m/e 208, 3.27%; m/e 
219, 5.45%; m/e 220, 4.73%; m/e 221, 2.91%; m/e 321, 4.00%; m/e 
428, 2.183 

iaEcose 

Peak R Lon ‘Bim 

il 1458-1469 

2 1491-1498 





Peak 1: m/e 73, 100%; 
12.82%; m/e 118, 
2.04%; m/e 207, 


4.78%; m/e 322, 


imo56; m/e 424, 1.22%; 


m/e 20s, 
210%; 
0.87, m7e: 208, 


2.68%; 
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Go 0s em eabUa 36. 9567 “m7e ll], 


m/e 147, 39.80%;m/e 205, 1.69%; m/e 206, 


iOS tein, Cac 7lye 3455" m/e 320; 


M/Gro2a,55.0S6, m/e 324, 1.22%; m/e 423, 


m/e s425, 02824. m7e 428, 0.58%. 


Peak 2: m/e 73, 86.73%; m/e 103, 17.99%; m/e 105, 16.22%: m/e 116, 


3.69%; m/e 117, 9.88%; m/e 118, 9.88%; m/e 119, 6.93%; m/e 120, 
27.88%; m/e 147, 100%; m/e 205, 1.77%; m/e 207, 1.62%; m/e 208, 
Monies; m/e 219, 1.77%; m/e 220, 2.80%; m/e 221, 4.28%: m/e 222, 
me0ot, m/e 321, 1.77%; m/e 322, 2.80%; m/e 323, 1.77%; m/e 324, 
imo3s; m/e 413, 1.03%. 

Pentoses 

peak Rete nielenel ame (sec: 

i LI22Z=47 34 

2 Pola at 

3 1742-1753 

Peak 1: m/e 73, 100%; m/e 103, 73.53%; m/e 105, 14.55%; m/e 116, 
10.09%; m/e 117, 34.34%; m/e 118, 18.48%; m/e 119, 9.44%; m/e 147, 
Baebes; m/e 202, 2.62%; m/e 205, 2.88%; m/e 206, 2.36%; m/e 217, 
myOse- m/e 218, 0.79%; m/e 221, 1.18%; m/e 525, 7.47%: m/e 526, 


5.60%; m/e 527, 
4.46%; m/e 531, 
Peak 2: m/e 73, 
Be34%; m/e 117, 


HOOt; m/e 205, 3.34%; 


7.69%; m/e 217, 


19.40%; m/e 528, 
1.44%. 

(ets ames, 
13.38%; m/e 118, 
m/e 206, 4. 


eG, 


Jeo 6 ey ewoe, 2.566; m/e 530, 


44.82%; m/e 105, 22.41%; m/e 116, 


16.05%; m/e 120, 18.39%; m/e 147, 


Cisrmve 207, 3.34%; m/e 208, 


M7 Gascon ooL mse S22, 13.71%; m/e 323, 
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4.68%: m/e 324, 5.69%; m/e 325, 5.35%; m/e 423, 4.35%; 
m/e 424, 2.01%; m/e 453, 3.01%. 


Beas: m/e 73, 74.38%; m/e 103, 33.06%; m/e 105, 21.76%; m/e 
116, 6.06%; m/e 117, 12.95%; m/e 118, 15.43%: m/e 119, 7.16%; m/e 
120, 16.80%; m/e 147, 100%; m/e 205, 4.96%; m/e 206, 4.96%; m/e 
207, 2.48%; m/e 208, 3.58%; m/e 321, 7.44%; m/e 322, 8.26%; m/e 
323, 4.96%; m/e 324, 4.13%; m/e 325, 4.41%; m/e 423, 2.48%; m/e 


ee, 938; m/e 525, 2.48%; m/e 527, 1.93%. 


For statistical completeness all of the reactions of carbon 
with H,O and D,0 were grouped together, and their mean values and 
standard deviations were calculated and tabulated in Tables 3 and 
5. This appears reasonable since the carbohydrate yield was 
apparently independent of the amounts of water utilized, and 
Because H,0 and D,0 are chemically equivalent. The resulting 
figures for relative yields were glycoaldehyde (1.0000), 
glyceraldehyde (0.2533 + 0.1163), erythrose (0.0987 + 0.0676) and 
threose (0.1142 + 0.0973). A similar grouping was performed for 
reactions of carbon vapor with formaldehyde which gave 
glycoaldehyde (1.0000), glyceraldehyde (0.2450 + 0.2300), 
erythrose (0.1608 + 0.1366) and threose (0.2953 + 0.3408). These 
feeupings are identified in Tables 3 and 5 by the H,O/D,O marking. 

Table 6 is a compiliation of the relative intensities of the 
m/e 's from the mass spectral data of the various reactions. 

This data conclusively supports the mechanism of addition of 
hydroxymethylene to aldehydes, involving a five-center 
six—electron transition state similar to that pictured in equation 


SS) !s. 
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Pies hieueslispOnuIng evtdence was provided by m/e 105, CD OTMS, 
which was present in all of the products of the reaction of carbon 
Pieot with DO. The protiated counterpart of this fragment ion, 
CH,OTMS, has m/e 103 and was commom to all of the undeuterated 
aldoses. The presence of m/e 105 in the deuterated compounds 
midveates that atomic carbon reacts with D,O to form fully 
eae oommomnalUchivac.,. Ine GcuLeracea LOrmaldehyde then reacts 
with another deuterated hydroxymethylene to form glycoaldehyde. 
The dominance of m/e 103 over m/e 105 in the products arising from 
mies reacction Of protiated formaldehyde with carbon vapor and D,0 
further confirms the proposed mechanism because the two protons 
Pe-oseac in the CH,OTMS species could only come from the protiated 
formaldehyde as predicted by equation (55). 

The parent ion of protiated glycoaldehyde gives m/e 219 in 
mieemass Spectrum. Fragments m/e 220, 221, and 222 most likely 
arase from ion molecule reactions of m/e 219 with protons in the 
ion trap detector. These fragments shift to m/e 220, 222, and 224 
in the deuterated reactions indicating full deuterium 
incorporation. The fragments m/e 220 and 224 can be interpreted 
BieeimM—-2 and M+t2 corresponding to the loss or gain of a deuterium. 
Similar results occur for the M-15 fragment, m/e 204, which 
shifts to m/e 207 in deuterated reactions. The reactions of 
formaldehyde with D,O show a relatively even spread from m/e 204 
to m/e 207 indicating that both partially deuterated and fully 
deuterated glycoaldehyde was formed. 

Similar conclusions can be drawn from the ananlysis of the 
glyceraldehyde data. The protiated compound possesses a parent 


ion of m/e 321 and a M-15 peak of m/e 306. The observed values 
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were m/e 321, 322, and 323 for the parent ion and m/e 306, 307 and 
308 for the M-15 peak. These peaks shift to m/e 325, 326 and 327 
for the parent ion and m/e 310 and 311 for the M-15 peak in the 
reactions of carbon vapor with D,O. In the formaldehyde plus D,0 
reactions, the M-15 peak is spread over the range of m/e 306 to 
310 with the larger intensities occurring around m/e 308 and m/e 
310. The parent ion is centered around m/e 324 and 325. 

The identification and separation of erythrose and threose is 
one of the most significant findings of this research. This 
result indicates that hydroxymethylene does indeed add to higher 
aldehydes via the five-center six-electron transition state 
proposed. The parent ion for protiated compounds is m/e 423 which 
was observed in both erythrose and threose. These peaks shift to 
m/e 428 in the deuterated species and are spread over the range of 
m/e 423 to 428 in the formaldehyde plus Poms ace rons. se ine Mais 
peak should shift from m/e 408 in the protiated species to m/e 
413 in deuterated species. For threose the m/e 408 was observed 
iieene second peak eluted in the reaction of carbon with H,O as 
expected. But no M-15 fragments were observed in the deuterated 
TET). This was propably an effect of low concentration of the 
Sugar in the sample. However, m/e 413 was the only M-15 peak 
Pesemved In the formaldehyde and D50| reactions. This combined 
with the fact that m/e 103 dominated over m/e 105 peak by 
aprroximately 4 to 1 in threose produced in the formaldehyde and 
PeeeecacctrOns provides strong Support for the proposed mechanism 
of addition of hydroxymethylene. Simialr results were obtained 


hOn erythrose. 





Relative Intensities in C+H,0, C+D,O, and 
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C+H,O+H,CO Reactions. 
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Table 6 (Con't) 


Pea emer ciomeLeoulmCrH.0, ~CtD.O,- and €rtH OtH CO Reactions 


Product mle (Cae aeee® caDPo C+ DO + HCO 

Peak—> al el ip eee i ei 

Glyceraldehyde 73 100 100 100 100 100 100 
103 30.73 50.55 14.99 8.09 55.74 43.74 
104 3.30 ieee Ses. 7 6w 41528019: 92 
105 iJ ls COMPO lads {01> 967,26 20.184 
114 0.56 0.49 - - 0.43 - 
115 - - - - 0.60 0.50 
116 - 0.55 - ee 2m Ona Ge 10k 79 
i 5.31 3.19 - Oee2me es 50) 13521 
118 1.05 1.10 - - 2c 0 
119 - ~ - - 1.46 1.73 
120 - - Soom | 2sia | ‘15/84 
130 ~ - ~ ~ - 0.50 
131 1.69 0.86 - Amen? 44 62 
132 - - - - 0.87 1.08 
133 1.93 0.74 iee7 ee l55 6.01 3.53 
146 - - - 0.65 0.87 1.08 
147 9.73 11.42 9.64 10.55 19.75 16.16 
148 1.29 - ieee? 76 mee>. 36. 97732 
204 - - - 2.13 - 0.29 
205 Oe = 2.30nne - 0.60 0.58 
206 - - - - - 0.83 
207 - 0.55 - - - 0.50 
208 - - - - - ee 
218 0.88 0.98 - - ~ 0.69 
219 ~ - - - 0.49 1.19 
220 - - Ge One e 1.26 
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Table 6.) (Com t) 


Pevacive Intensities in €r+o 0, C+D,0, and C+H,0O+H,CO Reactions. 











Eeoouct m/e CaS pare Clee Oar Co 
Peak—> fae Jee ae em pom ee ED 
22 a Sa = S07 OE oy 23243 
Glyceraldehyde 306 = 6.13 = = = 0.54 
S07 - 1.47 = = = O50 
308 = O55 = = = C261 
suo = = = = = OZ 
ey = = = 6.05 = lie 26 
Bik = 7 = ive al = = 
Bel 547 Zee = = Ore Oras 0 7Gl 
Bie Ze Ge 36 = = bi 0.50 
SPs 0-80 = = = = O56 
324 = - Ss = OOo WG 
S20 = = 8.84 2.04 O05 MAnwOS 
326 = = 3.48 C278 Orgy J= 
S27 = = = Coo (43> <= 
Threose Te 100 100 100 100 100 100 
Gs 63.50 1S. 04 piace 0 one Sey Ode Sa 99 
104 Cri 6 22 Ono = OO) Oy al 
OS 5607 = Her eee 554) 50595. 16.22 
114 Dale = = = Sloe, 2.- 
1S S67 = - - See os 
116 4.10 = 9.43 = Ao Se Se, OD 
ay IAS WW OS. = = ZO a Ore 
eS eae = = = GLO ocd 
eles = = 3.82: = 5 Clore oS 
Z0 = = 4.105 MeO 2 57426 2788 
Ze 20 1 = = = Tage eo) alles lis 
129 2230 ee = = 2569 ew Ao 
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Mable G: (Con &) 


Peete ve itensit les in Cre0, C+p50, and €+H O+H,CO Reactions 





eeaocduct m/e See © C DO eee, OS CO 
Eeak——> a EAE =e: =e ee ti 
Threose is 0 ie 50 =e = os ZO lez 
ee 216 iro 9 S25 = AR OSs 35.59 
ESZ = = = - AOS 2595 
147 18.14 S205 Zoo) 8 F 39. 807 100 
148 - = — one 16s FS e206 
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ZO Zase = = = ie67. yale 7 
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Dae. - = - 4.42 OFC P. 322016 
S20 hon 5 has: = = Al Be sos 
321i 42332 = = = S200) Jaa 
Be 5.40 = = = 2 Ooo 2.6 0 
325 = = Zo ee Ss SUS Way 
324 = = Sasi 4 = ieee ele 
408 = Zeca = = = = 
413 = = a = = Os 
423 Ona i338 = = 263 ae 
424 = = = = 1A 
425 = = = = OS 
428 = = 9.84 eoAs 0250. °= 
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Table. 6 1(€on*t) 


Relative Intensities in C+H,0, C+D,0, and C+H,O+H,CO Reactions 


ea.) Cerne eee Db), Ome CO 
Erythrose m/e L ee tewls as oa ares al, vee lel 

22a - = - ~ ~ - 0.99 - 2290 
B20 - ~ - - ~ - 1.98 9.81 - 
321 - ~ - - - - 1.49 3.86 4.00 
322 - - - - — - 1.12 1.99 - 
823 - - - LS leZOeo4 fo56. — 1.64 - 
324 - - - 3.52 - - - - 
411 - - ~ - ~ ~ 0.74 - - 
423 FAS - - ~ - 1.61 - - 
424 2.61 - - - - - 149 WO. Ol 
426 ~ - - - - - 0.99 - - 
428 - - = 14.4 - ~ - ZAG 
429 - - - 4.58 - - - - - 


The pentose sugars arabinose, lyxose, ribose, and xylose were 
especially difficult to separate and identify because of 
overlapping peaks. Usually six peaks were eluted beginning with 
the first peak of lyxose, and followed by the first peak of 
xylose. Next came a combined peak of lyxose and xylose that 
partially overlapped the first peak of arabinose. Then the second 
peak of arabinose and lastly the two peaks of ribose which 
occasionally overlapped. The elution order of these sugars is 
displayed in Table l. The protiated Oxime-TMS derivatives of 
these sugars were identified by the presence of m/e ‘'s 103, 320, 
510, and 525 in their mass spectra and deuterated pentoses were 
expected to be identified by observation of m/e ‘'s 105, 325, 516, 
and 531 in their mass spectra. That these sugars were also 
products of the reaction of atomic carbon with water was most 


clearly demonstrated by data obtained from the reactions of 
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Maeeoe Vapor with D[O listed on pages 65 and 66. The retention 
times for peaks 2 through 7 listed there correspond directly to 
the retention times of the known standards. However, the first 
peak was eluted earlier than any of the Oxime-—TMS standards of 
these compounds (1718-1726 sec). The peaks were not much larger 
than baseline noise and therefore no quantitization data is 
reported here. The pentoses were also present in the reactions of 
carbon vapor with water and in those employing D,O and 
formaldehyde. The presence of these sugars as reaction products 
provides additional evidence for the mechanism of addition of 
hydroxymethylene involving a five-center six—-electron transition 
State. In an effort to determine the minimum amount of the 
pentoses detectable by the ion trap detector a standard solution 
Sentaining 0.01 mg ( 6.7 x 10°? mmol) of each sugar was prepared, 
converted to a trimethylsilylated oxime, and analyzed. The 
resulting chromatogram contained small peaks with the appropriate 
retention time. However, only m/e 's 73, 103, and 147 were 
present in their mass spectra. Therefore 6.7 x 10°? mmol was 
accepted as indicating a trace amount. The apparently simple 
reaction of atomic carbon with water produces some very 
complicated results. There were a multitude of peaks in the 
chromatogram of the reaction products. In this research attention 
was focused upon the aldoses, but there were obviously more 
products than these. In an effort to identify some of the peaks 
and ensure that the Oxime-TMS derivatization process was complete 
simple TMS derivatives were prepared to check their retention 
mmnecmandemass Sprctra On the DB-5 capillary column. In addition 


Seve uieswino lesa cohols, Crythritol, threitol, and ribitol were 
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converted to TMS derivatives and analyzed. For completeness, this 
additional data is provided in the expereimental section of the 
thesis. Also, the known presence of dihydroxyacetone in these 
reactions provides for the potential presence of ketoses occuring 
among the products. Next in this series are the four carbon 
ketose, erythrulose, and five carbon ketoses, ribulose and 
mvlulose. 

Further research in this area could provide additional 
understanding of the mechanisms of reaction of hydroxymethylene. 
Because hydroxymethylene is a potential interstellar species this 
information could be applied to understanding the methods of 
carbohydrate formation in interstellar space, particularly in 


comets and on the Jovian planets. 





III. CONCLUSIONS 


The experimental work has shown that in addition to 
glycoaldehyde and glyceraldehyde, it is possible to produce 
erythrose, threose and to a small degree the pentoses arabinose, 
lyxose, ribose and xylose by the reaction of water vapor with 
carbon vapor generated in a high intensity arc. 

The carbohydrates produced are apparently formed via the 
reaction of hydroxymethylene with formaldehyde and subsequently 
produced higher order aldoses. These reactions occur via a 
five-center six-electron transition state. Supporting evidence 
for this theory was provided by complete deuterium incorporation 
into the products when the reactions were performed in the 
presence of water vapor generated from deuterium oxide. Futher 
evidence for the proposed mechanism was provided by a noticeable 
increase in the yield of all aldoses with respect to glycoaldehyde 
when formaldehyde was distilled into the reactor as one of the 
reactants. In addition, when deuterium oxide was reacted with 
formaldehyde and carbon vapor partial deuterium incorporation in 
the products occured with exception of the two protons arising 
from the protiated formaldehyde. 

The Finnigan-MAT Ion Trap Detector provides a fast, reliable, 
and convenient means of performing gas chromatography/mass 
spectroscopy analysis. The mass spectral data obtained were 
comparable with that of conventional mass spectrophotometers. 


Ss 





IV. EXPERIMENTAL 


Physical Measurements 

Nuclear Magnetic Reasonance (NMR) analysis were performed on 
Varian EM-390 90 MHz and Bruker AM-400 400 MHz NMR spectrometers. 
Gas chromatographic/Mass Spectral data were obtained via Varian 
3700 Gas Chromatograph interfaced to either a Finnigan MAT-700 Ion 
Trap Data System or Vacuum Generators (VG) Analytical 7OQOOQOE Mass 
peeccrophotometer. 
The following gas chromatographic columns were utilized: 
Perea As Altech Chirasil-Val III, 25 m x 0.25 mn. 
eid, 0 and W,fused Silica capillary, DB-5-30N, 30 m x 0.252 mm. 
Gas Chromatography Temperature Program: 50 °C for 1 min, 5 °C per 
minute heatup rate to 280 °C. Infrared spectroscopic measurements 
were performed on Perkin Elmer 580 and 983 spectrophotometers. 

Materials 

The following chemicals were purchased from various sources and 
used without further purification: Glycoaldehyde, glyceraldehyde, 
erythrose, ribose, lyxose, arabinose, xylose, glucose, galactose, 
mannose, erythritol, threitol, ribitol, hydroxylamine, 
hydrochloride, pyridine, trimethylchlorosilane, trifluoroacetic 
acid, 1,1,1,3,3,3-hexamethyldisilazane, 1,3-dihydroxyacetone, 
paraldehyde, sulfuric acid, sodium meta periodate, nitrogen, high 
purity carbon electrodes, sodium bicarbonate, sodium hydroxide, 
ammonium hydroxide, methanol, ethanol, ethyl acetate, 
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barium carbonate, and acetic acid. All other chemicals used were 
either available in the Chemistry Supply Store or synthesized. 
r £3 est lard § is RIS HO! 

Individual standard solutions of glycoaldehyde, glyceraldehyde, 
erythrose, threose, arabinose, lyxose, ribose, xylose, mannose, 
Galactose, glucose, erithritol, threitol, and ribitol were 
prepared by dissolving 100 mg in 100 ml of distilled water. 

bE; E Oxi mes sts est lard Sugars!°° 

Various combinatons of the standard sugars were converted to 
oxime derivatives by dissolving 200 mg hydroxylamine hydrochloride 
in a known volume of the sugar or sugar alcohol. The solution was 
frozen, placed under vacuum, allowed to thaw and heated at 80°C in 
an oil bath while being magnetically stirred for one to one and 
one half hours. Dried oxime derivatives were then obtained by 
placing the solution under vacuum on a rotary evaporator. 

Preparation of Trimethylsilyl Derivatives’; 1° 

The species to be silylated, either a Sugar, its oxime 
derivative, or a sugar alcohol, was dissolved in 1.0 ml of 
Pyridine. This solution was then placed under vacuum and 
hexamethyldisilizane (0.5 ml) and chlorotrimethylsilane (0.25 ml) 
were added. The soluton was then shaken for one minute and placed 
Pier Overpressure. After being allowed to stand for at least 
fifteen minutes the solutions were analyzed by Gas 


Chromatography/Mass Spectrometry using the Ion Trap Detector. 
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the DB-5 Capillary Column 
All Oxime-TMS derivatives were apparently acyclic as evidenced 
by the presence of two peaks in the chromatagram indicating the 
formation of both syn and anti isomers of the oximes as 
q. 104 


EzpcCcLe The first peak eluted usually contained the parent 


ion (M) as a dominant peak and the second larger peak contained a 
peak corresponding to the parent ion minus fifteen mass units 
(M-15) formed by the well known loss of a silicon linked methyl 
group. This indicates that the major isomer was syn with both 
bulky groups on opposite sides of the carbon nitrogen double bond. 
The gas chromatography/mass spectral data for the standars used 
are provided below. The data presented was collected on a DB-5-30N 
@apillary column using a temperature program of 50°C for 1 minute 
then a 5°C per minute heatup rate to 280°C. Helium pressure on 
the gas chromatograph was set at 20 psig. Split injections were 
made with the splitter off for the first 45 seconds. The Split 
ratio was 60:1. Retention times are in seconds and are given as a 


range corresponding to the width of each peak. 


Hydroxylamine TMS GC/MS Data: 


Peak Retention Time (sec) 
a 350-370 


Peak 1 Mass Spectral Data: m/e 73,32.16%; m/e 103, 2.07%; m/e 132, 
Pome se en7e 147, 43.24%; m/e 162, 100%; m/e 177, 33.24%, m/e 234, 


Wen 22s, m/e 249, 4.86%. 
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Glycoaldehyde Oxime-TMS GC/MS Data: 


Peal Ret = 7; | . 
1 660-690 
Z ool =F 10 


Peak 1 Mass Spectral Data: m/e 73, 61.40%, m/e 100, 44.1%, 

m/e 103, 84.46%; m/e 130, 42.61%; m/e 147, 100%; m/e 149, 
mesos, m/e 204, 4.76%; m/e 220, 14.54%; m/e 221, 13.53%. 

Peak 2 Mass Spectral Data: m/e 73, 62.76%; m/e 100, 39.80%; 

mye l03, 100%; m/e 130, 54.08%; m/e 147, 68.37%, m/e 149, 11.73%; 


m/e 204, 78.83%; m/e 219, 2.30%, m/e 220, 21.17%, m/e 221, 4.59%. 


Glyceraldehyde Oxime-TMS GC/MS Data: 


Peak Retention Time (sec) 
1 1090-1110 
2 1150=1185 


Peak 1 Mass Spectral Data: m/e 73, 74.84%; m/e 100, 100%; 

m/e 103, 65.29%, m/e 117, 28.34%, m/e 147, 30.25% m/e 189, 
Meeezs; m/e 200, 17.52%; m/e 205,12.74%; m/e 306, 2.23%; m/e 321, 
mt 5>s; m/e 322, 9.24%; m/e 323, 3.50%. 

Peak 2 Mass Spectral Data: m/e 73, 91.39%; m/e 100, 100%, m/e 103, 
Pyemoss; m/e 117, 25.09%; m/e 147, 62.55%; m/e 191, 19.48%;m/e 205, 
ios, m/e 221, 38.20%; m/e 306, 84.27%; m/e 321, 10.49%; 


mew slZ, 15.73% 
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1,3 Dihydroxyacetone Oxime-TMS GC/MS Data: 


Peak Retent Onmame (Sec) 

i IGS) 0 ay 708 

Peak 1 Mass Spectral Data: m/e 73, 100%; m/e 100, 11.25%, m/e 
Mere 69.99% = m/e 113, 0.62%; m/e 114, 1.12%: m/e 115. 0.733% ; 
m/e 147, 6.75%; m/e 191, 1.63%; m/e 192, 1.29%; m/e 202, 14.33%; 
mye 203, 6.24%; 

mye 221, 0.61%; m/e 246, 3.09% ; m/e 306, 13.21%; m/e 321, 2.02%; 
fe 322,1.63% ; m/e 323, 0.62%. 

Erythrose Oxime-TMS GC/MS Data: 

Beg Retention Time (sec) 

IL 1440-1460 

2 1475-1500 

Peak 1 Mass Spectral Data: m/e 73, 24.44%; m/e 100, 55.56%; 
fmeeelOs, 50.00%; m/e 117, 68.89%; m/e 147, 100%; m/e 292, 
mimes; m/e 320, 50.00%, m/e 423, 7.78%. 

Peak 2 Mass Spectral Data: m/e 73, 79.41%; m/e 100, 50.98%; 
myerl03, 100%? m/e 117, 61.76%; m/e 147, 43.14%; m/e 172, 
iegits m/e 217, 41.18%; m/e 320 7.84%; m/e 408, 47.06%, 
m/e 409, 25.49%; m/e 410, 8.82%; m/e 411, 11.76%. 

Threose Oxime-TMS GC/MS Data: 

Peak ntion Tim 

ai 1455-1470 

2 1490=1515 





oo 
Beak 1 Mass Spectral Data: m/e 73, 58.10%; m/e 100, 88.57%; 
PyeeOs, 100%; m/e 117, 85.71%: m/e 147, 74.29%: m/e 217, 
Seesae; m/e 291, 25.71%; m/e 334, 20.00%; m/e 424, 5.71% 
Peak 2 Mass Spectral Data: m/e 73, 87.25%; m/e 100, 37.25%; 
Pye 103, 100%; m/e 117, 53.92%; m/e 147, 50.00%; m/e 217, 
50.00%; m/e 319, 11.76%; m/e 334, 11.76%; m/e 408, 77.45%; 


m/e 409, 30.39%; m/e 410, 16.67%; m/e 424, 5.88%. 


Arabinose Oxime-TMS GC/MS Data: 


Peak meet im 
i 1760-1770 
2 1771-1780 


Peak 1 Mass Spectral Data: m/e 73, 22.12%; m/e 100. 17.31%; 
few lO3, 100%; m/e 117, 25.00%; m/e 147, 25.00%: m/e 217, 
9.62%; m/e 256, 14.42%; m/e 292 15.38%; m/e 307, 31.73%; 

mee s20, 18.27%; m/e 450, 6.73%; m/e 510, 8.65%. 

Peak 2 Mass Spectral Data: m/e 73, 9.09%; m/e 100, 21.21%; 
men lOS, LO0t; m/e 147, 6.06%; m/e 251, 11.62%; m/e 256, 

eis m/e 257, 6.06% m/e 278, 11.11%; m/e 307, 39.39%; 


mye 320, 42.93%; m/e 450, 5.05%; m/e 525, 7.58%. 


Lyxose Oxime-TMS GC/ MS Data: 


Peak Retention Time (sec) 
iL 1735-1745 


2 1/7 So— 67 65 
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Peak 1 Mass Spectral Data: m/e 73,10.00%; m/e 100, 29.00%; 
m/e 103, 100%; m/e 147, 9.00%; m/e 251, 14.00%; m/e 291, 10.00%; 
m/e 307, 99.00%; m/e 320, 77.00%, m/e 450, 9.00%; m/e 456, 
moos; m/e 525, 34.00%; m/e 526, 9.00%. 
Peak 2 Mass Spectral Data: m/e 73, 16.30%; m/e 100, 19.26%; 
Peemlos,, 100s; m/e 117, 8.89%> m/e 147, 18 52%; m/e 217, 11.853; 
m/e 250, 15.56%; m/e 256, 28.89%; m/e 278, 23.70%; m/e 292%; 
Peeemes?, 50.37%; m/e 320, 38.52%; m/e 250, 8.15%: m/e 511, 
Pmoos, m/e 512, 7.41%; m/e 525, 11.85%; m/e 527, 11.85%; m/e 
eo, 6.67%. 


Ribose Oxime-TMS GC/MS Data: 


peak Retent omer me (sec) 

1 1780-1790 

Z biol 1505 

Peak 1 Mass Spectral Data: m/e 73, 7.94%; m/e 100, 17.69%; 


m/e 103, 100%; m/ei1l1l7, 4.08%; m/e 147, 5.44%; m/e 217, 5.90%; 
iremeo?, ©4,76%° m/e 307, 19.27%; m/e 320, 23.58%; m/e 454, 
meson, m7e 525, 14.06%; m/e 526, 4.08%; m/e 527, 2.27%; 

m/e 528, 3.40%. 

Peak 2 Mass Spectral Data: m/e 73, 14.91%; m/e 100, 10.03%; 

mye 103, 100%; m/e 7, 10.30%; m/e 147, 13.01%; m/e 217, 
ors, m/e 307, 7.86%; m/e 320, 6.78%; m/e 510, 2.71%; m/e 511, 
ios; m/e 525, 2.44%. 


Xylose Oxime-TMS GC/MS Data: 


Peak Retention Time (sec) 
ik 1745-1755 


2 i 6d 70 





oi 


beak | Mass Spectral Data: m/e 73, 6.43%; m/e 100, 19.64%; 
meeel03, 100%; m/e 117, 3.04%; m/e 147, 5.36%; m/e 217, 6.25%; 

tee s07, 6.43%; m/e 308, 15.18%; m/e 320, 20.71%; m/e 454, 1.79%; 
m7e 525, 6.43%; m/e 526, 1.96%. 

Peak 2 Mass Spectral Data: m/e 73, 13.18%; m/e 100, 12.92%; 

m7e 103, 100%; m/e 117, 9.04%; m/e 147, 11.89%; m/e 217, 4.65%; 
feemes07, 10.34%; m/e 320, 10.34%; m/e 510, 8.53%; m/e 511, 


Srrozs, m/e 525, 4.13%; m/e 527, 1.29%. 


Glucose Oxime-TMS GC/MS Data: 


Peak Retention Time (sec) 
iL 2035=2075 
2 2076-2100 


Peak 1 Mass Spectral Data: m/e 73, 71.50%; m/e 100, 30.05%; 
m/e 103, 100%; m/e 117, 19.69%; m/e 129, 32.12%; m/e 147, 
meel7s; m/e 157, 18.13%; m/e 191, 21.24%; m/e 218, 35.75%; 
m/e 250, 12.95%; m/e 254, 10.36%; m/e 268, 10.36%; m/e 320, 
Pyeoes; m/e 433, 13.47%; m/e 522, 5.18%: m/e 613, 6.22%. 

Peak 2 Mass Spectral Data: m/e 73, 34.98%; m/e 100, 43.11%; 
m/e 103, 100%; m/e 117, 13.43%; m/e129, 24.73%; m/e 147, 
Baeooas; m/e 157, 24.03%: m/e 205, 11.66%: m/e 217, 10.95%; 


m7e 319, 81.27%; m/e 405, 2.47%; m/e 432, 3.18%. 





Galactose Oxime-TMS Data: 
Peak 

il 

Z 


Peak 1 Mass Spectral Data: m/e 73, 


m/e 103, 100%; m/e117, 9.26%; 


mye 157, 15.74%; m/e 191, 11.57%; 


nO. 65% ; 
Peak 2 Mass Spectral Data: 


100%; m/e 117, 14.70%: m/e 129, 


me 157, 20.45%; m/e 217, 16.613; 


3.19%; m/e 448, 2.88% 


Mannose Oxime-TMS GC/MS Data: 


m/e 129, 


m/e 3.87%; 


G2 


Revenmlon Lime (Sec) 
2025-2055 
2056-2095 


6S0 3s weeny Call0 e277 6%; 


23.61%; m/e 147, 


m/eo217) 422139%: “m/e 252, 


m7 eaw00,) 34.826; m/e 103; 


23,9605 me 147, 32.59%; 


m/e 319, 67.73%; m/e 402, 


Peak Retention Time (sec) 

il 2045-2075 

2 ZUG = 2 110 

Peak 1 Mass Spectral Data: m/e 73, 18.60%; m/e 103, 91.86%; 
mye lil?, 19.77%; m/e 129, 27.91%; m/e 147, 39.53%; m/e 157, 
mores; m/e 205, 12.79%; m/e 217, 13.95%; m/e 268, 10.47%; 
m/e 306, 12.79%; m/e 307, 11.63%; m/e 319, 100%; m/e 320, 
HamvOs: m/e 345, 92.30%; m/e 613, 8.14%. 

Peak 2 Mass Spectral Data: m/e 73, 9.50%; m/e 100, 25.14%; 
myerlO3, 58.10%; m/e 117, 9.50%; m/e 129, 18.99%; m/e 147, 
Zope One em/7e 157, 16.76%; m/é 206. 8.38%: m/e 251, 4.47%; 
myen2es, 5.59%; m/e 291, 4.47%; m/e 319, 22.91%; m/e 320, 100%; 
PIemeoe e205, m/e 523, 3.91%; m/e 538, 5.03%. 


ZS C9 Se 





oS 


Glycoaldehyde TMS GC/MS Data: 


peak Retent your a ime (See): 
if LOLS -1 055 


Peak 1 Mass Spectral Data: m/e 73, 12.15%; m/e 101, 40.67%; 
meee o2, 19.41%, m/e 103, 14.74%; m/e 116, 20.44%; m/e 117, 
100%; m/e 118, 40.15%; m/e119, 19.85%; m/e 120, 6.74%; 


wee 205, 7.26%; m/e 263, 6.37%. 


Glyceraldehyde TMS GC/MS Data: 


ve ak Retentson Tamme (sec) 
1 1720-1760 
2 1765-1780 
S 1781-1795 


Peak 1 Mass Spectral Data: m/e 73, 70.20%; m/e 103, 81.18%; 
meeell6, 45.10%; m/e 117, 24.31%; m/e 129, 28.24%; m/e 147, 
Pomoos; m/e 189, 15.69%: m/e 199, 39.22%: m/e 219, 85.49%; 

mye 250, 6.67%; m/e 273, 9.02%; m/e 291, 23.52%; m/e 307, 
45.88%; m/e 452, 2.75%; m/e 468, 4.71%. 

Peak 2 Mass Spectral Data: m/e 73, 8.64%; m/e 103, 100%; m/e 117, 
beat0s; m/e 129, 12.96%; m/e 147, 8.86%; m/e 173, 13.61%; m/e 189, 
emer oemse 217, 2.38%; m/e 233, 1.94%; m/e 263, 48.38%; m/e 273, 
meott, m/e 291, 3.46%; m/e 307, 3.89%; m/e 319, 1.94 

Peak 3 Mass Spectral Data: m/e 73, 9.45%; m/e 103, 100%; 

m/e 117, 4.65%; m/e 129, 7.95%; m/e 147, 7.80%; m/e 173, 

emo 4s-m7e 189, 5.85%; m/e 217, 4.50%; m/e 263 47.83%; m/e 291, 


Beo5e,) m/e s07, 3.45%. 
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1,3~Dihydroxyacetone TMS GC/MS Data: 


Peak R ntion fim 
il 1720-1755 
2 1770-1805 


Peak 1 Mass Spectral Data: m/e 73, 42.99%; m/e 103, 100%; m/e 117, 
27243; m/e 130, 13.78%; m/e 147, 4.51%; m/e 189, 6.65%; m/e 199, 
eyoow; m/e 219, 70.07%; m/e 260, 2.38%; m/e 275, 11.88%; m/e 291, 
iemwoot; m/e 307, 31.83%; m/e 317, 3.56%. 

Peak 2 Mass Spectral Data: m/e 73, 47.20%; m/e 103, 100%; m/e 129, 
Ben04%; m/e 147, 9.13%; m/e 171, 2.65%; m/e 189, 9.44%; m/e 199, 
ieemoot; m/e 243, 9.44%; m/e 275, 21.53%: m/e 291, 10.62%; m/e 307, 


Beolt; m/e 317, 5.60%: m/e 365, 14.16%; m/e 366, 5.90%. 


Arabinose TMS GC/MS Data: 


Peak Retention Time (sec) 
il 1540-1585 
2 SoS — G05 
5 GZS ro 35 


Peak 1 Mass Spectral Data: m/e 73, 100%; m/e 103, 21.47%; m/e 129, 
mmcyss m/e 147, 9.42%; m/e 169, 8.90%; m/e 191, 41.36%; 
fyer2li7, 61.78%; m/e 243, 10.47%; m/e 259, 91.62%; m/e 291, 
peor: some 305, 16.23%; m/e 307, 7.85%; m/e 333, 37.70%; m/e 393, 
Beoos;, m/e 450, 3.66%. 

Peak 2 Mass Spectral Data: m/e 73, 80.68%; m/e 103, 56.82%; m/e 


Dimrmlicms Os me 129, 20.45% m/e 147, 937.503, m/e 191, 90.91%; 





m/e 204, 34 
eo O05; 
Peak 3 Mass 
m/e 129, 14 
100%; 


m/e 307, 5. 


m/e 279, 


m/e 259, 


JLab 


oD 


RO Celia Oe, m/e 245, 9.09%,) m/e 259, 


Poo. tae C309, 52,906, — m/e S33, 12.50%. 


Spectral Data: m/e 73, 41.48%; m/e 103, 57.39%; 


.20%; m/e 147, 21.59%; m/e 189, 3.98%; m/e 217, 


9° 9 
3; 


%; 


9.09 m/e 291, 6.82 M/eCes05, lo. 1s; 


3: 2 


— 


Oe 


Me vSSo pel o.s4ss m/e 335,. 3.41 


Lyxose TMS GC/MS Data: 


Peak 
IL 


Z 


Peak 1 Mass 
mye 117, 12 
14.94%; m/e 
m/e 243, 
18.18%; m/e 
m/e 
Peak 2 Mass 
m/e 116, 
13.33%; m/e 
m/e 217, 23 


77.18% ; 


eA 


52.556) 


new; 


Retention Time (sec) 
1530-1565 


1520-1630 


Spectral Data: m/e 73, 100%; m/e 103, 42.21%; 


.99%; m/e 129, 34.42%; m/e 147, 14.29%; m/e 169, 


WOHeeS2 Aveem/e 2ZU4,, 04. 55¢,-.m/e 217, 49.35%; 


SA57am/e 259, 63.6045; me 279-7. 11.6957. m/e 305, 


% 3 


SOm celts; m/ea3eo e226 m/e 393, 5.19 m/e 450, 


° 
Oe 


Amie 239 


Spectral Data: m/e 73, 100%; m/e 103, 44.62%; 


oe 


m/e 129, 18.46%; m/e 147, 8.72 m/e 169, 


Ve9 2631s; m/e 191 6 40.03%- m/e 204, 30.77%; 


"595°. om7e 243, 15-90%. m/e 259; 64.10%; m/e 333, 


i) 
Oo; 


ae 


° 
Oe 


3018 m/e 437, 3.59 m/e 450, 4.10 


Ribose TMS GC/MS Data: 


Peak 


iT 


Retention Time (sec) 


157021650 





Feak 1 Mass Spectral Data: m/e 73, 100%, m/e 103, 50.51%; 
myeell?y, 6.12%; m/e 129, 15.82%; m/e 147, 13.27%; m/e 191, 
22.96%; m/e 204, 10.71%; m/e 217, 50.00%; m/e 243, 14.80%; m/e 
Zoo, 37.24%; m/e 291, 7.14%; m/e 305, 16.84%; m/e 333, 34.69%; 
m/e 437, 4.59%; m/e 450, 3.57%. 

Xylose TMS GC/MS Data: 

Peak R nes Tim 

1 IO = 7 Ane 

Peak 1 Mass Spectral Data: m/e 73, 100%; m/e 103, 36.17%; 

m/e 116, 6.38%; m/e 129; 36.17%; m/e 147, 10.11%; m/e 191, 30.85%; 
m/e 204, 34.04%; m/e 217, 22.87%; m/e 259, 94.68%; m/e 265, 
feo; 6mm/e 305, 13.83%; m/e 333, 31.38%; m/e 393, 7.45%. 
Erythritol TMS GC/MS Data: 

Peak ReGenienome rime (Sec). 

a P3Z0=1555 

Z 1370-14 

Peak 1 Mass Spectral Data: m/e 73, 25.09%; m/e 103, 100%; m/e 117, 
aeeose m/e 147, 12.89%; m/e 189, 5.57%; m/e 205, 5.23%; 

m/e 221, 4.88%; m/e 249, 2.782%; m/e 321, 2.09%. 

Peak 2 Mass Spectral Data: m/e 73, 34.80%; m/e 103,100%; m/e 117, 
Beev?s, m7e 129, 21.59%; m/e 147, 19.82%; m/e 189, 16.30%; 
Peeve O9s; m/e 217, 17.18%, m/e 231, AvS5%; m/e 305, 5.73%; 
emo. 69%, m/C 322, 3.925. 
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Mareitol TMS GC/MS Data: 
Peak fer Ti 
al fs7 5-140 
Peak 1 Mass Spectral Data: m/e 73, 35.46%; m/e 103, 100%; 
fee lil?, 35.86%; m/e 129, 13.94%; m/e 147, 17.93%; m/e 189, 
emece m/e 205, 16.33%' m7e 217, 13.15%; m/e 305, 7.57%; 


m/e 321, 35.06%; m/e 322, 8.76%; m/e 395, 2.79%. 


Ribitol TMS GC/MS Data: 


Peak Retention Time (sec) 
il 1710-1735 


Peak 1 Mass Spectral Data: m/e 73, 27.27%; m/e 103, 100; 
mew ll7y, 12.63%; m/e 129, 50.00%: m/e 147, 13.13%; m/e 189, 
Momtsse; m/e 203, 7.58%; m/e 217,16.67%; m/e 243, 24.24%; 
hye S17, 14.14%; m/e 319, 18.18%; m/e 331, 3.03%. 
e a0 e-D- ose!9S 

To a suspension of D-galactose (100 mesh, 50 g) in paraldehyde 
(200 ml) was added concentrated sulfuric acid (0.5 ml) and the 
mixture was mechanically stirred for twenty-four hours. Ammonium 
hydroxide (1.5 ml) was then added and the mixture was filtered. 
The residue was washed with cold ethanol and air dried, then 
dissolved in hot ethanol, filtered to remove D-galactose and 
allowed to recrystalize. Yield, 11.12 g, after two 
Peecrvseallizations from ethanol. Melting point, 180-185°C. The 
structure was confirmed by IR, 90 MHz ‘H NMR, 400 MHz !H NMR, and 


100 MHz !3C NMR. 
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IR Data: 3500, 3344, 2935, 2883, 2326, 1782, 1691, 1651, 1446, 
mimes 1377, 1339, 1272, 1224, 1161, 1136, 1100, 1078, 1052, 1022, 


981, 962, 931, 871, 860, 846, 803, 757, 722, 224. 


NMR Data: 4, 6—O—-Ethylidene—D-—Galactose 


13¢ at Chemical Shift (ppm) Intensity 
100 MHz POO, 4 06) 4.276 
S44 4 3.2/5 10 
94.0412 32007 
76.9739 S083 
762.5 5.5 7. 3007 
12,6704 A 56d 
69.8495 5.561 
69.6518 2.963 
69.3877 eZ 2 
68.8289 Se lc 
Gls7zoo Sogo 
63207 77 2.105 
ZL 0S87 BO Z 7 
1H at Chemical Shift (ppm) Intensity 
400 MHz 5.2697 Zee oe 
4.8660 Bb oZ 
A ooo. 3.489 
4.7993 8.162 
4.6094 2.079 
4.5898 2021) 
Ac1518 2.949 
4.0963 Zoo © 
A635 1.264 
3.9995 9.057 
3.9686 Ar? 11 
3.9186 eee tl 
Beso 4 i670 
Sr eS 1.141 
B27 a> OS 
3.6907 12 36 
3.6269 Be oO 
Sao 502 O. 852 
2a O isa Se 
Se 5056 0.468 
L.3179 12.910 
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Preparation of 2, 4-0-Ethylidene-D-Threose’°? 

A solution of 4,6-O-ethylidene-D-galactose (5.15 g, 0.025 
mol) in 25 ml water was added during a one hour period to a 
stirred solution of sodium metaperiodate (11.5 g, 0.055 mol) in 
water (87.5 ml). The solution was kept at 25 °C by externally 
cooling and at pH 6 by periodic addition of 2N sodium hydroxide. 
After an additional three hours at room temperature, the solution 
was adjusted to pH 7.5 and lypholized. The residue was extracted 
three times with 75 ml portions of hot ethyl acetate and the 
extracts were concentrated and cooled. The crystalline product 
wes collected and dried. Yield, 1.5 g, melting point, 163-168 °C 
after recrystallization from ethanol. The structure was confirmed 


by 90 MHz ‘H NMR, IR, 400 MHz NMR 'H and 100MHZ 17°C NMR. 


ie. Data: See ere, Poo eco eco lO elo, 1456,) 1405, 1379, 
irre S00, 1249, 1164, 1108, 1091, 1074, 1063, 991, 947, 923, 


mee 690, 849, 831, 810, 770, 723, 675, 639 cm'?. 
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400 MHz NMR Data: 2, 4—O-Ethylidene—D-Threose 


mae at Chemical Shift (ppm) Intensity 
1OOMHZ 100755445 4.030 
100408 19 53 
99.9886 2.564 
S71 5 58 17.300 
SAF Ste SOG 
SZ e027 Zo LO 
91.8842 ZO sy 
Soraiod 1.099 
81.7606 lee WS6 
79.6694 Peo O 
AIDS 6S Wea2 S 
Wooo 2 B30! 
TLZee1 54 1.609 
hZ252 00 3.324 
70.6436 feos 
70.0646 2.169 
69.7343 O27. 
67.7856 o.oo 
657.6075 EOS 5 
63.0582 4.180 
20.9805 oe 47 
1H at hemical Shif m Intensity 


400MHZ 


co 
© 
OY 
OY 
NO 


FPWWWWWwWwWwer HHP KK KHON 
~J © 
wn NO 
NO i 
wn >) 
uw 
WOPRPWRPBPOMRPPRPONNFF OO 
>) 
>) 
mn 


. 384 


W 
wm 
©O 
WW 
ra 
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Preparation of Threose’”® 
G@cvstallane 2, 4-O-ethylidene-D-threose (0.5140 g) in 0.25N 
sulfuric acid ( 50 ml) was hydrolyzed at the boiling temperature 
for thirty minutes, with eee bubbled through the solution 
resulting in a quantitative distillation of acetaldehyde. The 
hydrolyzate was neutralized by portionwise addition of barium 
carbonate. The resulting solution was filtered through celite and 
deionized by batch addition of Dowex—50X (H*) resin. The resin was 
filtered and washed. The combined filtrate and washing was 
concentated under vacuum to a light yellow clear syrup. Yield, 
0.42 g. The structure was confirmed by IR, 90 MHz !'H NMR, 400 MHz 
[eNMR, and 100 MHz '“c NMR , and Gas Chromatography/ Mass Spectral 


Analysis of the Oxime-TMS derivative. 
IR Data: cae 20, eo Oe OOS We lo ee oO a wethO 56,0 722,223, 
199, 


ier  cm—1. 


NMR Data: D-Threose 


mc at Chemical Shift (ppm) Intensity 

moo MHz 103.2474 6.086 
On 118 oo DG 
9OnIZo6 deel 2 
oie. (861 re) 
768.2980 0.849 
Tie 66 Seo oi 
G2 52 ZS 
75.9904 2.034 
eso o ip. S Ss 
TA .09ZS S128 
Pie 5997 ie OO 
67.7998 35.454 
64.0871 Za So 
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1H at Chemaceal Shute (opm) Intensity 
400 MHZ Bs G0 1.969 
ee 2 4.626 
5.0064 0.699 
4.9924 0.672 
4.9085 OE 2.0 
Ae O97 2 E2062 
4.2819 Zoe 2 
4.1964 “ec Oay 
4.1691 3.406 
Ae SG 2 2.992 
Ape O72 
Aga OL Geo 
aro 4.5 | or 4 
Sro256 22078 
Beoo2 2 ie 2o7 
3.8642 ee 1G 
Sco lO 1.948 
3.7894 Zr 
S727 1 age 12 
S622 3 Zeos6 
3.6444 S656 
S62 LO 2.944 
Ba 5429 0.826 
Solo 0261.8 
See 0.684 


Preparation of 4, 6-O0-Ethylidene-D-Glucose!" 

To a mechanically stirred suspension of Dextrose (50 g) in 
paraldehyde (200 ml) was added 0.5 ml sulfuric acid. The solution 
was mechanically stirred for twenty-four hours, then 1.5 ml of 
ammonium hydroxide was added to neutralize the acid. The residue 
was filtered and washed with ethanol. The white crystalline 
Selmcd,) 32.0 g , WaS then recrystallized from ethanol. Yield 20.19 
See lting point, 144-152 “© . The structure was confirmed by IR, 


90 MHz 3H NMR, 400 MHz 'H NMR, and 100 MHz 1}3C NMR. 
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IR Data: 3482, 3319, 3006, 2976, 2951, 2929, 2885, 2326, 1744, 
mad, 1392,1374, 13849, 1321, 1295, 1281,1226, 1158, 1102, 1082, 
1023, 991, 932, 917, 880, 834, 754, 721, 672, 636, 586, 269, 189 


cm-!, 


NMR Data: 4, 6—O-Ethylidene—D—Glucose 


13¢ at Chemical Shift (ppm) Intensity 

100 MHZ One O F5s G2 Law 
97.8250 6.649 
94.1365 2.5924 
Si 22547 SEOs 
80.7368 4.947 
1Om2oo L 6222 
73.7679 ALIO0Z 
TS Ooo 3.267 
TIPO S63 2A 
69.0478 Se oso 
68.6718 6.876 
6758076 VehOd 
Gees Sal: 620 
63.4088 2627 
20.4634 Te 





ly at 
400 MHz 
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Chemical Shift (ppm) Intensity 
5a2Z05 le 262 
Beez 53 e359 
4.8921 0m 
4.8799 S420 
a S60 Tl 3.468 
AA 6550 eso 
4.7993 8.883 
4.7005 S205 
4.1798 1.465 
Aa 7 1.843 
4.1467 deci 0 
AO. oa 0.920 
Seozis ILO 
3.0049 S35 
Se 7cl0 Pees 
Say o4Z 25.027) 
3.6540 Ze 13) 
56530 52026 
5.6095 2.895 
SS Cis 1s 0 
SeoG 12 i220 
3.4630 img as 
5.44 10 4.346 
S422 Se Os 
3259356 0.982 
3.2988 15910 
Sea 2.486 
3.25106 i ZC 





Os 
Preparation of 2,4-0-Ethylidene-D-Erythrose’”? 

A solution of 4,6-O-ethylydene-D-glucose (10.3 g, 0.05 mol) in 
50 ml water was added during a one hour period to a stirred 
solution of sodium meta periodate (23.0 g, 0.11 mol) in water 
(175 ml). The solution was kept at 25 °C by externally cooling in 
an ice bath and at pH 6 by periodic addition of 2N sodium 
hydroxide. After an additional three hours at room temperature, 
the solution was adjusted to pH 7.5 and lypholized. The residue 
was extracted three times with 75 ml portions of hot ethyl acetate 
and the extracts were concentrated and cooled. The crystalline 
mPeoduct was collected and dried. Yield, 6.8727 g. The structure 
was confirmed by IR, 90 MHz ‘H NMR, 400 MHz ?H NMR and 100 MHz 


13¢ NMR. 


IR Data: Soro pe 2 le, ce oO 2 OZo mel SO, wbool, 21456, 1402, 1377, 


meee 1230), 1160, 1081, 1053, 893, 842, 803, 722,671 cm?. 


NMR Data: 2, 4-O—-Ethylidene—D—Erythrose 


13C at Chemical Shift (ppm) intensity 
100 MHz ACO 7.62.9 8 0.629 
HOORS 268 Oe gs 
39215800 8.048 
6s.0357 Seo 
80.7249 0.640 
oe 0) 0.788 
oa 0S NCO. 
Oe) OL ee) 2 
Ge 6 G27 20 
62.4526 HO; G7 


PAO oye AG) 820/76 





ILI) ¢ 


1H at Chemical Shift (ppm) Intensity 
400 MHz 18.0945 Cao. 
52220 Lee2 OS 
4.8529 i E138 
4.8409 Sa 928 
Ao o7 eae 
4.8028 ZA 99 
aa Si 22592 
47.1348 ZG 5 
a IE Ae! 25907 
Aveo on Zr a 
Seow 162250 
Srey S05 25549 
S289 oO 
S055 ive oo 
5216706 re023 
6260514 £668 
Boo 4 5 140'G 
Bro 2 4 4.698 
Sea oo0 5.324 
S466 7 Zee 


Preparation of Erythrose!”® 

@Suystalline 2,4—-O-ethylidene- D-erythrose (0.7060 g) in 0.25N 
Sulfuric acid (70 ml) was hydrolyzed at the boiling temperature 
for thirty minutes with nitrogen bubbled through the solution 
resulting in a quantitative distillation of acetaldehyde. The 
hydrolyzate was neutralized by portionwise addition of barium 
carbonate. The resulting solution was filtered through celite and 
deionized by batch addition of Dowex—50X (HT) resin. The resin was 
filtered and washed. The combined filtrate and washing was 
concentated under vacuum to a clear syrup. Yield, 0.58 g. The 
structure was confirmed by IR, 90 MHz 'H NMR, 400 MHz ‘H NMR, 100 
MHz 1°C NMR, and Gas Chromatography/ Mass Spectral Analysis of the 


Oxime-TMS derivative. 


fembatas 2385, 2936, 2465, 1724, 1554, 2412, 1046, 223, 200 cm’. 
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NMR Data: Erythrose 
13¢ at Chemical Shift (ppm) Intensity 
meio” MAz MO Zee ZG 55d 3 
Oi nO7 oS le oe 
96.6444 1.644 
90.5451 Our 
77.4666 2 Ow 
77.0460 133 6 
10.9774 1457 
153290 13825 
14,9261 ZA 
74.6983 GZ 
132975 PeZZ 5 
712.8034 5092 
T2050 6 ieee 
ie .c0g5 9.918 
ioe eo 
7 eo oA 2 11.240 
70.8428 i eZ 
1024535 4.498 
Gis dal Gr o06 
67.0420 OZ 
64.0842 oS 
63.0622 22 
62e7221 1.124 
Gil oneZ eo 
1H at Chemical Shift (ppm) Intensity 
400 MHz Bae 92 2.834 
5.2482 3.145 
52540 62138 
5a 22016 6.766 
i O17 0.774 
Die 27 OST 
oy 10d. leo 02 
520703 510 6 
4.9749 0.856 
4.9688 One 09 
4.8549 1.487 
4.8349 2.394 
4.8002 48.033 
426202 Mee oz 
Ae 2 1.491 
4.5474 1250 
4.5214 1.834 
4.4318 Gzoo 8 
4.4224 1.142 
4.4129 C225 





108 


1H at hemical Shif m Intensity 
400 MHz 4.3844 22192 
WS i9hS 7) 5.927 
4.3629 6.300 
A23533 26 Silt 
4.2621 2.547 
4.2224 0.607 
4.1981 6.186 
4.1859 5.668 
A136 6.978 
An erGies 6.164 
4.1292 0.908 
4.1048 Zeta 
a 09 27 3.940 
4.0802 Zee2G 
4.0208 22516 
4.0087 6.479 
3.9990 9.497 
3.9892 5.859 
3.9607 0.824 
3.9446 0.879 
Se O17 7 4.134 
828972 2.916 
3.8906 Soda 
3.8280 2.946 
So4 52 Soak 
3.8329 ALOS 
S262 47 3.893 
C2 c050 3.684 
Sey OG 9.469 
SOO 2 Oe oo 
S20 654 10.241 
S255 Ome 22 
S505 8.346 
3.7304 72 560 
3.6941 4.588 
3.67 FZ S.003 
3.6665 A148 
Bee oas 4°.570 
346353 3.949 
Sood 3.444 
3.6078 PAIS 
S250 LL e210 
3.5646 0.987 
3.5448 nated A 
325359 716 
Be 5205 peo 2 
oe oc lass 
Sols iG 





HO? 


IH at Chemical Shift (ppm) Intensity 

400 MHz SoU ee GZ 
3.4897 0.812 
3.4786 POs 
3.4542 iS OZ 
Se silzZ ipo 20 
324120 ies OZ 
3.3982 O50 
3.3865 leo 
Sao 145 Oreo 1S 
Se 3637. 1.108 
842954 O2620 
3.3296 0.640 
Saz2064 1.048 
So. Low O27 574 


The Carbon Arc Apparatus 
The carbon arc apparatus iS a uniquely designed vessel 
consisting of five major parts: the reactor head, the reactor 


bottom, cold finger trap, a diffusion pump, and a vacuum pump 


( Figure 1). The reactor head, reactor bottom and cold finger 
trap were made of glass. The reactor head contains four 
attachment ports. Three ports were threaded and were used for 


insertion of two brass electrode holders and a substrate inlet 
tube. These ports were sealed by o-rings. The fourth port has 
been used for attachment of a mercury manometer and was sealed by 
a needle valve. Each brass electrode holder had a hole for 
insertion of a graphite electrode which was held in place by a 
brass screw. The brass elecrode holders were water cooled to 
dissipate heat thereby allowing for attaining maximum vacuum 


(Figure 2). 
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Figure 1: Side View of the Carbon Arc Apparatus 
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Figure 2: The Carbon Arc Reactor 
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The joint between the reactor head and reactor bottom was 
sealed by an o-ring and the two pieces were clamped together by a 
metal bar held in place by three wing nuts. The joint between the 
reactor head and cold finger trap was also sealed by an o-ring 
Mewever,the two pieces were held together by a large vacuum clamp. 
The cold finger trap rests on an o-ring sealed union secured by a 
metal bar and three allen head screws atop a 2-inch air operated 
gate valve. The gate valve served as the boundary between the cold 
finger trap and the diffusion pump and vacuum pump. 

The brass electrode holders were electrically connected to a 
Sears Craftsman Dual Range 295 Amp arc welder via cables attached 
by brass connector fittings. The arc welder was set at 70 amps. 

As a final note, the brass electrode holders and substrate inlet 
tube were each fitted with a piece of rubber tubing held in place 
by a hose clamp to prevent them from being inadvertently drawn 
into the reactor by the high vacuum generated by the diffusion and 
vacuum pumps. 
General Procedure for the Reaction of Are Generated 
Carbon Atoms With Substrate 

The graphite electrodes were sized and weighed on an analytical 
balance. They were then inserted into the brass electrode holders 
tightly secured and the remainder of the carbon arc apparatus was 
assembled. Once assembly was complete, the vacuum pump was 
Started, the gate valve opened and all unions were checked for 
leakage. The diffusion pump was started only after pressures were 
below 5 x 1072 torr and usually allowed to run for an hour before 
Seanceing the reaction. Generally, a vacuum of ip storr was 


peeainede seLigurd mitrogen was used to fill the cold finger trap 





ees 
and to cool the exterior of the reactor bottom. The arc welder was 
energized and atomic carbon was then generated by establishing 
periodic contact between the two graphite electrodes. The atomic 
carbon produced was condensed on the interior reactor bottom walls 
at -196 °C along with the substrate(s) which were volatilized into 
the reactor via a vacuum line or specially designed inlet tube 
(Figure 3). The rate of substrate entry was controlled by a needle 
valve. Upon completion of the reaction, the gate valve was shut 
and diffusion pump was secured. Cooling water was normally 
allowed to flow through the electode holders and diffusion pump 
for one hour then it was secured along with the vacuum pump. The 
liquid nitrogen was removed from the reactor bottom and the vessel 
was allowed to warm up for approximately twenty-four hours. The 
carbon arc apparatus was then disassembled, the graphite 
electrodes were weighed , and nonvolatile products on the interior 
of the reactor bottom were scraped off and dissolved in distilled 
water. The resulting solution was then filtered to remove 


graphite particles and the derivatization process was commenced. 
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Reaction of Arc Generated Carbon with Water 

Distilled water was volatilized into the carbon arc reactor via 
a vacuum line and cocondensed on the interior walls of the liquid 
nitrogen cooled reactor bottom at -196°C with carbon atoms 
generated by the intermittent striking of an electrical arc 
between the ends of graphite electrodes. Reactions were performed 
uSing either (1.0 mol) or (280 mmol) of water in an effort to 
determine the effects of water concentration on the yield of 
products. Upon completion of the reaction, the carbon arc reactor 
was allowed to warm up for a period of 12 to 24 hours. The 
reactor was then disassembled and the nonvolatile products which 
had condensed on the interior wall of the reactor bottom were 
Poilected by rinsing with 250-300 ml of distilled water. This 
solution was then filtered and converted to an Oxime-TMS 
derivative. The gas chromatography/mass spectral data from a 


typical run are listed below: 


Glycoaldehyde 

Peak Bee Melenel Mme lseC )i 
1 6535-05 0 

2 OG S02 


Peake lL: m/e 73, 100%; m/e 100, 15.23%; m/e 103, 27.21%; m/e 115, 
imezea- m/e 116, 2.34%; m/e 117, 3.35%; m/e 130, 10.28%: m/e 147, 
memece m/e 177, 3.46%; m/e 204, 0.53%; m/e 205, 1.60%: m/e 219, 
ees s m/e 220, 2.45%; m/e 221, 3.41%; m/e 222, 0.80%. 

Ee@aeesn m/e 73, 100%; m/e 100, 15.92%; m/e 103,31.99%; m/e 116, 
ome 117. 1.38%; m/e 118, 1.43%. m/e 130, 17.10%; m/e 147, 
meme seme 204, 23.07%; m/e 205, 6.80%; m/e 218, 0.74%; m/e 219, 


imac enz220, 5.13%; m/e 221, 1.18%; m/e 222, 0.44%. 
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Glyceraldehyde 

Beak Dion. Pim 
1 1083-1097 

2 1135-1164 


Peak 1: m/e 73, 100%; m/e 100, 45.62%; m/e 103, 30.73%; m/e 114, 
ieeoos; m/e 117, 5.31%; m/e 118, 1.05%; m/e 131, 1.69%; m/e 147, 
Besos; m/e 189, 6.36%; m/e 191, 4.02%; m/e 205, 0.72%; m/e 218, 
Mecos, m/e 321, 5.47%; m/e 322, 2.49%; m/e 323, 0.80%. 

Peak 2: m/e 73, 100%; m/e 100, 38.22%; m/e 103; 24.60%; m/e 116, 
1.04%; m/e 117, 5.98%; m/e 118,1.67%; m/e 147, 14.51%: m/e 189, 

moa s; m/e 191, 3.75%: m/e 295, 5.28%; m/e 218, 1.18%; m/e 221, 


Peis; )§«6om/e 232, 1.67%; m/e 306, 8.13%; m/e 321, 3.27%; m/e 322, 


Za O.% 

Erythrose 

Peak Retention Time (Sec) 
al 1421-1435 

2 1437-1447 

5 1470-1480 


Peak 1: m/e 73, 100%; m/e 100, 10.64%; m/e 103, 77.91%; m/e 114, 
ferlcen m/e 115, 3.2138 m/e 116, 4.82%; m/e 117, 6.63%; m/e 118, 
Meee m/e 129, 2.41%; m/e 147, 17.07%; m/e 172, 4.82%; m/e 189, 
Pease em/e 191, 4.82%: m/e 231, 3.41%; m/e 259, 1.81%: m/e 320, 


8.23%; m/e 336; 1.20%; m/e 423, 7.43%; m/e 424, 2.61%. 





Peak 2: 


34.50%; 


mye Joos mye, lOO So4550%-5m/e 103, 40.58%; m/e 117, 


m/e NIi8, 42.15%> m7fe 129, 3.19%; m/e 147, 53.67%: m/e 205, 


eeo7s; m/e 217, 4.15%; m/e 219, 8.95%; m/e 320, 7.03%; m/e 321, 


wee 5% 


Peak 3: m/e 73, 100%; m/e 100, 12.96%; m/e 103, 63.50%: m/e 116, 


melons, m/e 117, 11.45%; m/e 128, 2.81%; m/e 130, 1.30%; m/e 147, 


ies. 12%; 


m/G@ 172, 2.16%; m/e 189, 1.73%: m/e 205, 2.38%: m/e 257, 


1.08%; m/e 288, 3.46%; m/e 320, 16.85%; m/e 333, 5.40%; m/e 423, 


Threose 
Peak 
1 


2 


Beak 1; 
m/e 116, 
m/e 147, 
m/e 205, 


m/e 320, 


Retention Time (Sec) 
1446-1458 


1482-1495 


m/e 73, 100%; m/e 100, 12.96%; m/e 103, 63.50%; 
Aten ec. lien dina ot em/ ec I2eemc. 81s: m/e.130 1.303; 
18.14%; m/e 172, 2.16%; m/e 189, 1.73%; m/e 202, 2.16%; 
Zee m/e 257, 1208s; m/e 288, 3.46%; m/e 291, 1.30%; 


Meee Sa; Me 355,050.40; 17 eso6, 1.50%, m/e 423, 6.26%. 


Peak 2: m/e 73, 100%; m/e 100, 20.58%; m/e 103, 15.04%; 


m/e 117, 
32.08%; 
m/e 258, 


m/e 423, 


19.03%; m/e 129, 1.99%; m/e 131, 1.99%; m/e 147, 
mieeol?, loseee. m/e. 219, 2-65emeem/e 257, 1.77%s 
Seo4e m/e 261, 1201s; m/e 320701 .99%;: m/e 408, 2.21%; 


ie Sot. 





Pentoses 

peak Recent Von rame (Sec) 

a 1730-1740 

2 1746-1754 

3 ipo 7 oS 

Peak 1: m/e 73, 100%; m/e 100, 14.29%; m/e 103, 28.10%; 

fee 116, 11.90%; m/e 117, 22.38%; m/e 129, 4.76%: m/e 147, 
maerot, m/e 191, 2.86%; m/e 217, 3.33%; m/e 224, 2.38%; m/e 257, 
6.67%; m/e 270, 4.76%; m/e 305, 7.14%; m/e 321, 16.19%; m/e 347, 
ees; )6CUin/e 510, 6.19%; m/e 525, 3.81%. 

Peak 2: m/e 73, 47.69%; m/e 100, 18.34%; m/e 103, 100%; 

mew ll6, 1.44%; m/e 117, 6.54%; m/e 129, 3.35%: m/e 133, 1.59%; 
mye 147, 10.05%; m/e 189, 2.07%; m/e 191, 1.44%; m/e 217, 10.37%; 
m/e 218, 1.91%; m/e 250, 2.23%; m/e 254, 144%; m/e 277, 4.47%; 
Pew s06, 2.233; m/e 307, 15.47%; m/e 320, 7.18%; m/e 321, 2.87%; 
fee sol, 1.12%; m/e 450, 3.35%; m/e 486, 0.80%; m/e 510, 13.88%; 
te O25, 6.38%. 

Peak 3: m/e 73, 60.62%; m/e 103, 100%; m/e 117, 10.20%; m/e 129, 
6.23%; m/e 130, 1.70%; m/e 147, 14.16%; m/e 189, 1.98%; m/e 
mig. 76%; m/e 258, 2.83%; m/e 278, 3.68%; m/e 305, 3.68%; 
m/e 306, 2.83%; m/e 307, 18.70%; m/e 320, 10.20%; m/e 451, 

cmeliz ome 457, 2.27%; m/e 463, 3.12%; m/e 525, 3.12%; m/e 526, 
OOS 6 


iS 





The conversion of hydroxymethylene to formaldehyde is the 
initial step in the production of higher carbon monosaccharides 
and theoretically increasing the concentration of formaldehyed at 
the start of the reaction should increase the yields of 
carbohydrates. To test the mechanism proposed for the production 
of carbohydrates paraformaldehyde was placed in the 50 ml bulb of 
a specially designed inlet tube (Figure 3 ) and heated to 
120-150°C producing formaldehyde which was volatilized into the 
wean arc reactor and cocondensed on the walls of the reactor 
bottom with water and atomic carbon. Gas chromatography and mass 
spectral data obtained were the similar to that for reactions of 
carbon with water. 

Reaction of Arc Generated Carbon with D.O 
Also in an attempt to clarify the mechanism of reaction of 
hydroxymethylene, deuterium oxide (250 mmol) was reacted with 
atomic carbon. Deuterium incorporation into the carbohydrates 
should give Oxime—-TMS derivatives of correspondingly higher 
molecular weights however, the retention times on the gas 


chromatograph should be the same. 


Protiated Deuterated 
Oxime -TMS Derivative Molecular Weight Molecular Weight 
Glycoalidehyde Ze ZA2 
Glyceraldehyde sZt B25 
Erythrose 423 428 
Threose 423 428 
Arabinose 52S ayo 
Lyxose 525 53d 
Ribose 525 BS 


Xylose 520 Died 
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Observed Mass Spectral Data: 


Glycoaldehyde 

peak test Tel ewe Ge) [elem eels aS Ge) 

il 668-692 

2 693-710 

Peak 1: m/e 73, 100%; m/e 101, 10.16%; m/e 103,6.54%; m/e 105, 
25.76%; m/e 117, 3.95%; m/e 118, 1.49%; m/e 119, 1.49%; m/e 132, 
Moos; m/e 133, 15.15%; m/e 147, 34.34%; m/e 207, 1.49%: m/e 208, 
Meese; m/e 221, 2.20%; m/e 223, 1.68%; m/e 224, 1.88%; m/e 325, 
0.45%. 

Peak 2: mre fo Loos. m/e 10 i. 5442 m/e 105, 30.02%? 

me 116, 1.07%; m/e 117, 3.74%; m/e 118, 1.53%, m/e 119, 1.33%; 
Prem Oo, 076; m/e 133, 21.95%; m7e 147, 27.69%; m/e 207, 22.48%; 
fmperz2z06, 4.00%; m/e 209, 1.07%; m/e 223, 2.07%; m/e 224, 3.47%. 
Glyceraldehyde 

Peak Tim 

A. £03 3—1103 

zZ PTA O= 14568 

bPeaeel:) m/e 713, 100%; m/e 101, 49.53%; m/e 103, 14.99%; m/e 105, 
aoe mse 120, 3.35%; m/e 133, 1.87%; m/e 147, 9.64%; m/e 192, 
feeee; m/e 202, 1.34%; m/e 220,1.47%; m/e 325, 8.84%; 


mye 3260,3.48. 





NAA 
Peak 2: m/e 73, 100%; m/e 101, 42.82%; m/e 105, 22.92%: m/e 119, 
molse m/e 120, 3.81%; m/e 132, 1.38%: m/e 133, 1.04%: m/e 147, 
oro ts; m/e 164, 2.16%; m/e 192, 3.72%; m/e 202, 0.69%; m/e 208, 
3.25%; m/e 220, 1.56%; m/e 221, 5.19%; m/e 222, 1.38%; m/e 310, 


eee0t; m/e 325, 1.47%; m/e 326, 1.90%. 


Erythrose 

Beak Retention Time (Sec) 
1 1427-1440 

2 1443-1449 

S 1476-1484 


Peak 1: m/e 73, 100%; m/e 105, 78.87%; m/e 116, 4.33%; m/e 119, 
Pegs; m/e 133, 3.52%; m/e 147, 14.44%; m/e 172, 3.17%; m/e 192, 
Pee 6s; m/e 204, 2.82%; m/e 234, 3.17%; m/e 323,15.14%; m/e 324, 
3.52%; m/e 428, 14.44%; m/e 429, 4,58%. 

Peak 2: m/e 73, 100%; m/e 101, 28.77%; m/e 105, 34.25%; m/e 120, 
27.40%; m/e 147, 39.73%; m/e 293, 5.48%; m/e 323, 20.55%. 

Peak 3: m/e 73, 100%; m/e 101, 27.27%; m/e 103, 13.64%; m/e 105, 


momgOs; m/e 120, 25.76%; m/e 147, 50.76%; m/e 323, 7.5%. 


Threose 
Peak Retention Time (Sec) 
ih 1453-1465 


Z 1488-1497 





eee 1; m/e 73, LOO0S; m/e 101, 6.97%; m/e 103, 8.20%; m/e 105, 
fee ic, m/e 116, 9.43%; m/e 119, 3.69%; m7fe 120, 6.15%; m/e 133, 
eee s, m/e 147, 24.18%; m/e 251, 3.69%; m/e 323, 25.41%; m/e 324, 
5.94%; m/e 428, 9.84%. 

Peak 2: m/e 73, 100%; m/e 101, 20.99%; m/e 103, 6.08%; m/e 105, 
Emeeot;, m/e 120, 16.02%; m/e 147, 39.78%; m/e 222, 4.42%; m/e 260, 
iMimeds,; m/e 323, 10.50%; m/e 341, 2.76%; m/e 428, 7.18%. 

Pentoses 

Peak Retention Time (Sec) 

1 Pi VeS 26 

Z 730-1735 

3 LT S7-1LIAT 

a 1754-1759 

e Pola 7 62 

6 1764-1768 

if L7Sb-17 86 

meak 1: m/e 73, 100%; m/e 105, 30.56%; m/e 147, 25.00%; m/e 531, 
eel ls. 

Peak 2: m/e 73, 100%; m/e 105, 41.18%; m/e 325, 38.24%. 

Peak 3: m/e 73, 100%; m/e 105, 36.96%; m/e 120, 26.09%; m/e 147, 
EWmvOs; m/e 531, 26.09%. 

Peak 4: m/e 73, 100%; m/e 105, 35.79%: m/e 147, 25.00%; m/e 308, 
i 20'S. 

Peak 5: m/e 73, 100%; m/e 105, 35.29%; m/e 452, 32.35%. 

Peakeos m/e 73, 81.25%; m/e 75, 100%; m/e 103, 68.75%; m/e 105, 
pomles; m/e 256, 18.75%; m/e 331, 15.63%. 

Peak 7: m/e 73, 73.08%; m/e 75, 100%; m/e 105, 46.15%; m/e 516, 


Zo 0'G.6 « 
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Ves 
E 7 a: 5 peaiGae Wit} 
Formaldehyde and DO 
To confirm the proposed mechanism and increase the yields of 

higher order carbohydrates reactions of carbon vapor with 
formaldehyde and deuterium oxide were performed. Addition of 
deuterated hydroxymethylene to formaldehyde and subsequently 
produced monosaccharides should ultimately yield Oxime-TMS 
derivatives containing two less deuteriums than the reactions with 


deuterium oxide alone. Molecular weights expected are shown 


below. 

Normal Deuterated 
Oxime -TMS Derivative Molecular Weight Molecular Weight 
Glycoaldehyde 219 22.0 
Glyceraldehyde Sau a25 
Erythrose 423 426 
Threose 423 426 
Arabinose 575 529 
Lyxose S25 Seo 
Ribose 22 S29 
Xylose ao 52° 
Observed Mass Spectral Data: 
Glycoaldehyde 
pee Retention Time (Sec) 
i} 670—663 


2 669-7 02 
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meee: m/e 73, 100%; m/e 103, 10.86%; m/e 105, 5.15%; m/e 117, 
ereozs; m/e 130, 6.49%; m/e 131,12.53%; m/e 132, 9.46%; m/e 133, 
imeelot; m/e 147, 62.67%; m/e 177, 2.35%; m/e 205, 1.62%; m/e 207, 


mewn mn/e 219, 4.53%; m/e 220, 1.96%; m/e 221, 1.85%; m/e 222. 


Beae 2; m/e 73, 100%; m/e 103, 28.65%; m/e 105, 7.15%; m/e 116, 
moe, 6m/e 117, 3.32%; m/e 119, 2.80%; m/e 130,11.45%; m/e 131, 
ees ls; m/e 132, 8.716%; m/e 133, 10.41%; m/e 147, 72,44%; m/e 204, 
3,37%; m/e 205, 4.04%; m/e 206, 1.09%; m/e 207, 0.78%; m/e 220, 


Sos; m/e 221, 1.24%; m/e 222, 0.73%. 


Glyceraldehyde 

Peak Retention Time (Sec) 
i 1O92— 1107 

2 P4217 5 


Peak 1: m/e 73, 100%; m/e 100, 34.69%; m/e 101, 55.30%; m/e 103, 
bon 4%; m/e 105, 17.26%; m/e 117, 3.90%; m/e 118, 1.46%; m/e 
119, 1.46%; m/e 133, 6.01%; m/e 147, 19.75%; m/e 189, 1.89%; m/e 
ied 4,38%; m/e 192, 4.38%; m/e 202, 1.03%; m/e 205, 0.60%; m/e 
moe 0.49%; m/e 220, 0.81%: m/e 253, 90.32%; m/e 321, 0.60%; m/e 
Geel. 41%; m/e 324, 0.65%: m/e 325, 0.70;%: m/e 326, 0.43%; m/e 
B27, 0.43%. 

Peak 2: m/e 73, 100%; m/e 100, 17.85%; m/e 103, 43.74%; m/e 105, 
momo oeems7e 17, 3.21%; m/e 118, 2:20%; m/e 119, 1.73%; m/e 133, 
Seoou, m/e 147, 16.16%; m/e 163, 0.72%; m/e 164, 1.48%; m/e 192, 
2.09%; m/e 205, 0.58%; m/e 206, 0.83%; m/e 207, 0.50%; m/e 208, 
ime wm eacie, 0.69%; m/e 220, 1.26%; m/e 221, 3.43%; m/e 236, 


0.40%; m/e 266, 0.32%; m/e 306, 0.54%; m/e 307, 0.50%; 





ZS 


mye s08, 0.61%; m/e 309, 0.32%; m/e 310, 1.26%; m/e 321, 0.61%; 
mee 5322, 0.50%; m/e 323, 0.58%; m/e 324, 0.72%; m/e 325, 1.05%. 
Erythrose 

Peak Retention Time (Sec) 

1 1428-1444 

2 1446-1456 

3 1478-1480 
Peak 1: m/e 73, 100%; m/e 103, 86.12%; m/e 105, 35.19%; m/e 116, 
6.69%; m/e 117, 9.42%; m/e 118, 4.69%; m/e 119, 1.86%; m/e 120, 
2.73%; m/e 133, 6.44%; m/e 147, 32.71%; m/e 172, 9.79%; m/e 189, 
peeiee; m/e 192, 3.97%; m/e 202, 2.85%; m/e 205, 1.12%; m/e 221, 
tools; m/e 231, 2.11%; m/e 233, 1.12%; m/e 254, 0.62%; m/e 261, 
0.62%; m/e 265, 1.24%; m/e 320, 1.98%; m/e 321, 1.49%; m/e 322 
1.12%; m/e 336, 0.74%; m/e 364, 0.74%; m/e 411, 0.74%; m/e 423, 
1.61%; m/e 424, 1.49%; m/e 426, 0.99%. 

Peak 2: m/e 73, 100%; m/e 103, 59.23%; m/e 105, 9.58%; m/e 116, 
2.45%; m/e 117, 2.10%; m/e 118, 1.87%; m/e 119, 1.64%; m/e 120, 
1.87%; m/e 133, 6.89%; m/e 147, 35.63%; m/e 189, 1.17%; m/e 191, 
emus, m/e 192, 3.50%; m/e 204, 2.22%; m/e 206, 0.82%; m/e 208, 
0.93%; m/e 216, 2.92%; m/e 320, 9.81%; m/e 321, 3.86%; m/e 322, 
1.99%; m/e 323, 1.64%; m/e 424, 0.70% 

Peak 3: m/e 73, 86.55%; m/e 103, 41. 82%; m/e 105, 10.55%; m/e 
Mivemocnoos, m/e 118. 21.82%; m7é 1197 8.73%; m/e 120, 8.00%; m/e 
133, 7.64%; m/e 147, 100%: m/e 205, 7.27%; m/e 206, 5.09%; m/e 
Boepmes. 275, m7e 219, 5.45%; m/e 220, 4.73%; m/e 221, 2.91%; m/e 
pai, 4.00%; m/e 428, 2.18%. 





aiLeose 

mea 

1 

2 

Peak 1: m/e 73, 
ii2.82%; m/e 118, 
i 


01%; m/e 205, 


imoss; m/e 221, 


4.78%; m/e 322, 


1.92%; m/e 423, 


UES. 


Peak 2: m/e 86.733; 


3.69%; m/e 117, 

27.88%; m/e 147, 
1.62%; m/e 208, 

4.28%; m/e 222, 

2.30%; m/e 323, 

Pentoses 

Peak 

iL 

Z 

3 

Peak 1: m/e 73, 

10.09%; m/e 117, 
3.15%; m/e 147, 

Zon o5s; m/e 202, 
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Retention Time (Sec) 
1458-1469 
1491-1498 
100%; m/e 103, 68.01%; m/e 105, 36.95%; m/e 117, 
8.10%; m/e 133, 7.93%; m/e 147, 39.80%; m/e 191, 
1.69%; m/e 206, 2.04%; m/e 207, 0.87, m/e 208, 
1.34%; m/e 234, 1.05%; m/e 288, 1.69%; m/e 320, 
ACG en M/C S237) S055) 1M/e 524, 5 1522%; m/e 333, 
1.63%; m/e 424, 1.22%; m/e 425, 0.82%; m/e 428, 
mreolO0s, 17.99%; m7e 105, 16:.22%;" m/e 116, 
9.88%; m/e 118, 9.88%; m/e 119, 6.93%; m/e 120, 
HOOe-amyveslI2 ss 2245; m/e 205, 1.77%; m/e 207, 
10.18%; m/e 219, 1.77%; m/e 220, 2.80%; m/e 221, 
2.06%; m/e 258, 6.19%; m/e 321, 1.77%; m/e 322, 
IMs; “M7 eas24,lassts m/e 413, 1.03%. 
Retention Time (Sec) 
1722-1734 
1735-1741 
742-7535 
WOO0%; m/e VOsrpeey3.53¢-em/e 105, 14.55%; m/e 116, 
34.34%; m/e 118, 18.48%; m/e 119, 9.44%; m/e 133, 
S4elce, my erlicomonzoc mse 189,. 5.37%; m/e 191, 
DH6Z2%-M/euc0or, 2. 86%-5m7e 206, 2.36%; m/e 217, 
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medias, m/e 218, 0.79%; m/e 221, 1.18%; m/e 256, 4.33%; m/e 260, 
15.47%; m/e 345, 5.37%; m/e 450, 3.28%; m/e 460, 1.18%; m/e 525, 
7.47%; m/e 526, 15.60%; m/e 527, 19.40%; m/e 528, 9.57%; m/e 529, 
2.038%; m/e 530, 4.46%; m/e 531, 1.443% 

Peak 2: m/e 73, 71.91%; m/e 103, 44.82%; m/e 105, 22.41%; m/e 116, 
S544; m/e 117, 13.38%; m/e 118, 16.05%; m/e 120, 18.39%; m/e 133, 
felt; m/e 147, 100%; m/e 172, 5.02%; m/e 182, 2.01%; m/e 205, 
3.34%; m/e 206, 4.01%; m/e 207, 3.34%; m/e 208, 7.69%; m/e 217, 
imoy7o; m/e 232, 2.34%; m/e 266, 2.68%; m/e 321, 5.35%; m/e 322, 
imme; m/e 323, 4.68%; m/e 324, 5.69%; m/e 325, 5.35%; m/e 423, 
Mees 5t; m/e 424, 2.01%; m/e 453, 3.01%. 

Peak 3: m/e 73, 74.38%; m/e 103, 33.06%; m/e 105, 21.76%; m/e 116, 
o206%; m/e 117, 12.95%; m/e 118, 15.43%: m/e 119, 7.16%; m/e 120, 
iemous; m/e 133, 7.71%: m/e 147, 100%; m/e 172, 2.75%; m/e 191, 
3.03%; m/e 205, 4.96%: m/e 206, 4.96%; m/e 207, 2.48%: m/e 208, 
3.58%; m/e 231, 4.68%; m/e 257, 2.75%: m/e 321, 7.44%; m/e 322, 
8.26%; m/e 323, 4.96%; m/e 324, 4.13%; m/e 325, 4.41%; m/e 423, 
past; m/e 450, 2.48%; m/e 461, 1.93%; m/e 512, 1.93%; m/e 525, 
Zeaes, m/e 527, 1.93%. 

Yield data from the various reactions was provided in Tables 2 


through 5 of the results and discussion section of the thesis. 


These tables are reproduced here for clarity. 





IL Ate: 


Table 2 (Repeated) 


Actual Reaceton. Yields in mmol Units. 


Moeteidies nun Clycoaldehnvde Glyceraldenyde Erythrose Threose 
C + il 0; 04 lod Om0Z2046 CnoLT 00s 0.01640 
fo (20m1) 2 0.06092 0.00845 0.00199 O20 0359 
3 0.08066 OO Oar) 0.00243 0.00189 
+ 1 0.04481 0.00763 0.00508 0.00924 
H,O (5m1) 2 0.02809 0.00962 0.00456 0.00449 
is 0.06818 O00 7 s2 0270331 0.00484 
C + 1 0.07917 O02 02 1 0.00724 0.01070 
DO Z O207017 Ont So 201331 GF Ol’ aal> 
S C0627 Oem s oe OF 00 S51 CP OOs0s 
4 0.04010 0.01546 O00 Gilat 0.00304 
5 O207323 On 027 2 0.00296 O200S36 
6 07053 70 O20 386 0.00403 0.00489 
i O2 06051 O20 NZ i2 On00327 0.00397 
C + HCO 1 0.06882 OOS 6 Oe0L0LG O-00810 
iat © 2 0.04966 On C0253 = — 
3 0.00944 02007207 Ono Ours i 0.00749 
eee HCO i 0.02445 0.00328 OEV00SZ2 02 00102 


+D,0 2 0202949 0.01882 0.01014 O20'0167 Z 





Table 3 


2 


(Repeated) 


Standardized Reaction Yields 


meactants Glycoaldehyde Glyceraldehyde Ervthrose 

C + OmeOG I O20 9490. 013340700640 .008550.0070 
HO (20m1) 

C + 07047020 .0201 POS 22-02 OlOde MOO 4 5:0 20.0016 
HO (Sm1) 

Cc + OF 0650--020128 POl 70 Ome Se OOS 70.008 7 
D,O 

e+ H,CO O20 42620- 20303 -005820. 0063 ,005720., 0063 
tO) 

ee HCO O02 700.0036 “Oe POss00 0 .0067+0 .0049 
+D,0 

C + 0.059250 .0161 01412020061 PUSS. 0033 
0/ DO 

ea HCO O20 36420 0231 5 ONONF Sineloh Ona ~00 912040104 2 


50/7 D0 


Threose 


O-00 7920. 


0.006220 


0.0054+0 


0.007 620 


07100390 


0.0060+0 


O-00S3820 


0068 


2UlO2 6 


“01025 


.0004 


.0040 


70023 


HUO22 





0 


Table 4 (Repeated) 


Yields of Reaction Products Relative to Glycoaldehyde. 


Reactants Run Glycoaldehyde Glyceraldehyde Erythrose Threose 

C + 1 1.0000 0.48981 0.24037 0.39231 

H,O(20m1) 2 1.0000 0.13868 0.03272 0.05899 

3 1.0000 OSA S 0.03009 0.02348 

C + 1.0000 0.17034 0.11346 0.20618 

H,O (5m1) 1.0000 0.34240 0.16246 0.15974 

3. 1.0000 0.10743 0.05594 0.07109 

C + 1 1.0000 0.37022 O00 some Ogle oid 

D,0 2 1.0000 Ome awa 0.18971 0.08771 

3. 1.0000 0.21838 0.05194 0.04773 

4 1.0000 0.38560 0.15228 0.09890 

5 A oor 0.17369 0.04043 0.05415 

6 1.0000 0.30378 0.06870 0.08338 

7 al [oerare 0.21016 0.05404 0.06551 

C+H,CO 1 1.0000 0.19130 Omid Toga O.dig77 
+H,O 1.0000 0.04223 - - 

1.0000 0.21942 Oe 37 te} 79555 

C + H,CO 1.0000 0.13404 0.01304 0.04199 

+D,0 1.0000 0.63824 0.34385 0.22789 





Table 5 


2 


(Repeated) 


Standardized Relative Yields 


Weacianws  GlycOolgenvde Glyceraldehyde Erythrose 

Cc + 1.0000 Ono 4 40 2030 OO 110.1206 
H,O (20m1) 

Cc + .0000 Om 2016 Oe e7 LG eeOr I OIG+-0' 0533 
HO (5m1) 

Gc + SO000 O22 728202 0822 7092620569 

D,O 

= HCO .0000 0215 10m0e0952) 0. 143220 0063 
ret O 

=; HCO .0000 0.38 6iekO2 3565 07178420 .2339 
+D,0 

Cc f+ - ONO: Oe2S5e520 os Oo 8 70 067 4 
H0/D,0 

et HCO .0000 On 245 Ues0 30 Ven O eG Oe =O 366 


+ BO / 2,0 


Threose 


om 


GO: 


Os 


ce 


ie 


0. 


Or 


158320 


145 7220 


Oe dgscd 


AS57150 


1349+0 


fea 20) 


Zo oa 


52039 


.0686 


nOZOo 


e477 


pl Sled 


OOS 


. 3408 
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